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Little Ice Age Climate in the Western Tropical Atlantic inferred from 
coral geochemical proxies 
by 
Alice Elizabeth Alpert 
Abstract 
Paleoclimate archives place the short instrumental record of climate variability in 
a longer temporal context and allow better understanding of the	   rate,	   nature	   and	   extent	  by	  which	  anthropogenic	  warming	  will	   impact	  natural	  and	  human	  systems. The ocean is a 
key component of the climate system and records of past ocean variability are thus 
essential for characterizing natural variability and quantifying climate sensitivity to 
radiative forcing. Coral skeletons are high-resolution archives of tropical sea surface 
temperatures (SSTs), but inconsistencies call the accuracy of existing coral proxy records 
into question.  
 
In this thesis, I first quantify the errors associated with the traditional coral 
thermometer, Sr/Ca, by comparing in situ logged SST with Sr/Ca-derived SST in four 
corals on the same reef. I show that intercolony disparities in mean Sr/Ca, amplitude of 
variability, and trend are not due to differences in water temperature, but rather to 
“vital effects” that result in a ± 2 ̊C uncertainty on reconstructed SST.  
 
I then expand, refine, and test a new paleothermometer, Sr-U, across multiple coral 
species and through time. I show that Sr-U captures spatial SST variability with an 
uncertainty of ± 0.6 ̊C. When applied to two corals outside of the calibration, Sr-U 
accurately captures the mean SST and the 20th century trend in the Western Tropical 
Atlantic.  
 
Finally, I apply Sr-U to a coral from the Little Ice Age (LIA) to address uncertainties in 
the magnitude of western tropical Atlantic cooling during a 95-year period spanning 
1465-1560. Results suggest the region was 1.1 ̊C±0.6°C cooler than the 1958-1988 mean, 
but within error of early 20th century SST at this site. Critically, several periods of 
warmth, equivalent to the 1958-1988 mean, occurred during a solar minimum that is 
widely believed to have been a cool period of the LIA. My results indicate that Sr/Ca 
exaggerates the actual cooling by almost 3 °C. My record demonstrates the value of Sr-U 
and highlights the need for continuous accurate SST records to better constrain the 
amplitude, drivers, and mechanisms of LIA tropical climate change.  
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Chapter 1 
Introduction 
1.1 Climate change 
Mean global temperature in 2015 was the warmest since modern instrumental 
records began in 1880 [Tollefson, 2016], and the first few months of 2016 indicate 
that it will be still warmer. This year follows a trend of globally averaged surface 
air temperature (SAT) warming by an estimated 0.85 ˚C since 1880 [Hartmann 
et al., 2013] (Figure 1-1). Observations show that the global ocean has taken up 
more than 90% of additional energy accumulated in the earth system between 
1971 and 2010 [Rhein et al., 2013]. Warming since 1950 can only be explained by 
including the effects of increased atmospheric energy flux, or radiative forcing, 
due to increased atmospheric carbon dioxide (CO2) from anthropogenic fossil fuel 
burning, cement production, and land use changes [Bindoff et al., 2013].  
Anthropogenic emissions continue to rise, and further warming of the 
earth’s surface has the potential to change precipitation patterns and increase sea 
level, affecting billions of people throughout the world. In order to accurately 
estimate the amount of future warming due to human activity, we must 
understand the relationship between climate forcing and the response of global 
temperature, or “climate sensitivity” [Collins et al., 2013]. A climate forcing is a 
process that changes Earth’s energy balance. For example the intensity of 
incoming solar radiation, Total Solar Irradiance (TSI), fluctuates naturally with 
higher TSI associated with more energy reaching the earth’s surface, leading to 
warming [Myhre et al., 2013]. Sulfate aerosols injected into the atmosphere by 
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volcanic eruptions scatter incoming radiation, generally resulting in surface 
temperature cooling [Robock, 2000]. CO2 and other greenhouse gases (GHGs) 
trap outgoing longwave radiation and reemit it. When GHG concentrations 
change due to natural or anthropogenic causes, the earth’s surface temperature 
shifts to remain in energy balance (i.e. Boltzman’s law of blackbody radiation). A 
common method to estimate climate sensitivity is to run simulations using global 
climate models (GCMs) over the 20th century and into the future. By these 
methods estimates of the response to a doubling of atmospheric CO2, range from 
1.5 to 4.5 ˚C globally averaged warming [Collins et al., 2013]. The large degree 
of uncertainty is due to the limitations of GCMs in capturing the dynamics of the 
climate system and the short duration of reliable instrumental temperatures 
[Kiehl, 2007; Deser et al., 2010a].  
In addition to broad responses to external forcings, global and regional 
temperature is characterized by changes on interannual to multidecadal scales. 
Much of this variability can be described by climate modes or oscillations. For 
example El Nino Southern Oscillation (ENSO) is an interannual oscillatory 
phenomenon in the Pacific Ocean leading to a distinctive pattern of SST 
anomalies [Rasmusson and Carpenter, 1982] with major impacts on global 
precipitation patterns and fisheries [Trenberth et al., 1998; McPhaden et al., 
2006]. The Atlantic Multidecadal Oscillation (AMO), a pattern of SST anomalies 
in the North Atlantic varying on multidecadal timescales [Schlesinger and 
Ramankutty, 1994; Enfield et al., 2001], significantly affects climate throughout 
the Atlantic basin [Sutton and Hodson, 2005; Zhang and Delworth, 2006]. While 
there is evidence that these climate modes arise from processes internal to the 
climate system, their behavior may be influenced by external forcing as well 
[Timmermann et al., 1999; Knudsen et al., 2014; Ting et al., 2014]. 
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Characterizing and distinguishing the contributions of internal and external, 
anthropogenic and natural forcings to interannual and multidecadal variability is 
key for anticipating future climate changes. However it is challenging given the 
limited length of observational datasets [Deser et al., 2010b; Johns et al., 2011; 
Solomon et al., 2011].  
 
1.2 Paleoclimatology 
Paleoclimate records, natural archives of environmental conditions on timescales 
longer than the instrumental record, are powerful tools to better understand 
climate sensitivity and temperature variability. Air bubbles in ice cores, the 
composition of cave deposits, the width of tree rings, and the chemical, physical, 
and biological attributes of lake and ocean sediments all preserve information 
about climate in the past [Masson-Delmotte et al., 2013]. While these quantities 
are not necessarily meaningful in themselves they are indicators, or “proxies” of 
past climate. With accurate age control and understanding of the relationship 
between a proxy and the conditions it reflects, we can reconstruct records of 
temperature, rainfall, atmospheric composition, sea level, wind speed, ocean 
currents, volcanic eruptions, and ecosystem type, among others. For example, 
paleoclimate archives of oxygen isotopes, temperature, and glacial extent have 
evoked a narrative of great changes associated with glacial-interglacial cycles 
[Imbrie et al., 1992; Jouzel et al., 2007; Clark et al., 2009]. Records of 
temperature response to forcing in the past can better constrain climate 
sensitivity by capturing the impact of feedbacks within the earth system that 
operate on longer timescales than the instrumental record [Hegerl et al., 2006; 
Schmittner et al., 2011]. They also have the potential to characterize 
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multidecadal variability and examine its response to external forcings such as 
TSI and volcanism [Otterå et al., 2010; Knudsen et al., 2011].  
 Information about ocean temperatures is an essential piece of the 
paleoclimate puzzle because the global ocean plays a large role in the climate 
system both in its shaping of and response to global temperature changes. Ocean 
circulation distributes heat around the globe and has a profound affect on global 
and regional climate patterns [Rahmstorf, 2002]. The slow, integrated response of 
the ocean to climate forcing also makes it diagnostic of global change in the past 
[Rhein et al., 2013]. The high heat content, ocean-atmosphere coupling, and 
potential for large variations make the tropical oceans a particularly important 
part of the climate system [Gill and Rasmusson, 1983; Newman et al., 2003]. 
Changes in ocean temperature, salinity, and current patterns over many millions 
of years have been reconstructed using the composition of ocean sediments and 
the microfossils contained in them. However these techniques rarely provide the 
temporal resolution needed to investigate questions relating to multidecadal or 
shorter period variability.  
 
1.3 Coral paleoceanography 
The skeletons of long-lived, massive coral colonies have the potential to produce 
high-resolution records of past tropical ocean temperatures [Gagan et al., 2000; 
DeLong et al., 2014; Linsley et al., 2015]. The thin layer of living coral tissue 
continually precipitates an aragonite (CaCO3) skeleton allowing the coral colony 
to grow upward and preserve its older skeleton below [Cohen and 
McConnaughey, 2003]. Large coral colonies can live for hundreds of years and 
provide continuous paleoceanographic records at subannual resolution defined by 
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annual density band couplets. Analyses of skeletal extension rate, minor 
elements, stable isotope ratios, and radioisotopes can reveal information 
regarding water temperature, salinity, terrestrial runoff, and oceanic upwelling 
[Gagan et al., 2000].  
Geochemical coral proxies take advantage of corals’ biologically mediated 
calcification of their aragonite skeletons from seawater [Gaetani and Cohen, 2006; 
Gagnon et al., 2012]. The coral polyp transports seawater into a calcifying space 
through vacuoles or paracellular transport [Cohen and McConnaughey, 2003] and 
precipitates aragonite from the calcifying fluid contained in the calcifying space 
[Gaetani and Cohen, 2006; Sinclair et al., 2006; Gagnon et al., 2007]. While 
aragonite is composed almost entirely of CaCO3, some minor elements (e.g., Sr, 
Mg, U) are incorporated as well. The model described above identifies two major 
controls on the abundance of minor elements in coral aragonite: Rayleigh 
fractionation and temperature. The concentration of a given minor element in the 
precipitated aragonite will differ from that in the calcifying fluid and can be 
described over time by the Rayleigh distillation equation [Rayleigh, 1896]. 
Through the distillation process Sr/Ca has an inverse relationship with the 
degree of Rayleigh fractionation. Rayleigh fractionation appears to vary among 
coral colonies at a single site and in individuals on subannual scales [Gaetani et 
al., 2011]. The second control on minor element abundance is the influence of 
temperature on the rate of incorporation of minor elements into the coral 
aragonite skeleton [Gaetani and Cohen, 2006]. This rate varies from element to 
element but for Sr/Ca leads to an inverse correlation with temperature.  
Temperature has been shown to account for only ~ 25% of Sr/Ca 
variability measured in corals [Cohen and Thorrold, 2007], with the remainder 
likely related to “vital effects” associated with individual colony differences in the 
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biological mediation of the calcification process. Nonetheless the Sr/Ca 
paleothermometer has been used to investigate changes in mean SST, variability 
on interannual scales such as ENSO, and changes in seasonal temperature cycles 
[Hetzinger et al., 2010; Kilbourne et al., 2010; Wu et al., 2014; Tierney et al., 
2015]. However, inter-colony results can be inconsistent and questions remain 
regarding “vital effects” on the abundance of minor elements in coral skeleton 
[Cohen et al., 2006; Cohen and Thorrold, 2007; Cohen and Gaetani, 2010].  
DeCarlo et al. [2016] proposed a new coral thermometer, Sr-U that uses 
both Sr/Ca and U/Ca. Sr-U is conceptually based upon a forward 
biomineralization model that correctly predicts the concentrations of skeleton 
Sr/Ca and U/Ca [DeCarlo et al., 2015]. While coral skeleton Sr/Ca is sensitive to 
both temperature and Rayleigh fractionation, coral skeleton U/Ca is sensitive 
only to Rayleigh fractionation through changes in calcifying fluid carbonate ion 
concentration ([CO32-]). Thus the observed positive correlation between coral 
skeleton Sr/Ca and U/Ca at a single temperature is produced by Rayleigh 
fractionation [DeCarlo et al. 2016]. Among different corals, different Sr/Ca values 
corresponding to a single benchmark U/Ca ratio are expected to reflect different 
temperatures. The “Sr-U” value for an individual coral is defined as the Sr/Ca at 
a U/Ca benchmark value of 1.1umol/mol according to the regression of a 
skeleton Sr/Ca on U/Ca for a single coral.  
DeCarlo et al. [2016] showed that Sr-U values in a set of 14 modern 
Porites spp. corals from the Pacific Ocean and Red Sea are highly correlated to 
mean annual water temperature. They derived an expression relating Sr-U to 
temperature with an uncertainty of 0.5˚C. DeCarlo et al. [2016] tested the 
theoretical basis of Sr-U using the boron isotope (δ11B) proxy for pH in the 
calcifying fluid. They confirmed that δ11B and U/Ca in several corals with 
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differing Sr/Ca is consistent with vital effects on Sr/Ca due to calcifying fluid 
[CO32-]. This technique appears to be applicable across coral colonies and may 
potentially eliminate the need for a coral-specific modern calibration. 
Uncertainties surrounding Sr/Ca and Sr-U-derived SSTs must be resolved before 
coral-based SST reconstructions can be interpreted confidently. 
 
1.4 Thesis objectives 
In this thesis I use coral geochemical proxies to accurately reconstruct past sea 
surface temperature (SST). I document trends and variability of tropical SST on 
timescales ranging from interannual to centennial and evaluate the response of 
SST to climate forcings. I tackle this in three steps. First, in chapter 2, I examine 
the most commonly used coral paleothermometer, Sr/Ca [Smith et al., 1979; Beck 
et al., 1992]. I attempt to reconstruct SST at a site in the central equatorial 
Pacific, a region that plays a key role in the ENSO phenomenon and in global 
carbon and heat budgets but whose response to climate change is poorly 
understood in simulations and observations [Deser et al., 2010a; Nurhati et al., 
2011]. However I find inconsistencies in Sr/Ca mean, sensitivity to SST, and 
trend between individual coral colonies. Using in situ temperature data I 
determine that the inconsistencies cannot be explained by temperature differences 
and instead attribute them to “vital effects.” I characterize the resulting 
uncertainty of Sr/Ca-derived SST at this site and find that its magnitude 
prohibits reconstructing ENSO events or the centennial trend of SST. This 
chapter was published as “Comparison of equatorial Pacific sea surface 
temperature variability and trends with Sr/Ca records from multiple corals” in 
2016 in Paleoceanography.   
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 Next, in chapter 3, I expand, refine, and test the calibration of a new coral 
thermometer, Sr-U, that combines Sr/Ca and U/Ca ratios in coral skeletal 
aragonite to control for the effects of Rayleigh fractionation on Sr/Ca. I expand 
an initial spatial calibration of Porites spp. corals from the Pacific Ocean 
calibration [DeCarlo et al., 2016] to include four additional coral genera in the 
Pacific and Atlantic Oceans and show that Sr-U accurately captures spatial SST 
variability. I apply the modified SrU-SST calibration to two longer coral cores 
from Puerto Rico and show that Sr-U replicates well between the two cores and 
is able to capture the mean SST, trend, and multidecadal variability well over 
the 20th century. This chapter has been submitted to Paleoceanography as “20th 
century warming of the tropical Atlantic captured by Sr-U paleothermometry.” 
 Lastly in chapter 4, I apply the Sr-U to SST calibration from chapter 3 to 
reconstruct SST at Puerto Rico during a cool period known as the Little Ice Age 
(LIA, ~1400-1850CE). The LIA is the most recent episode of centennial scale 
climate change [Masson-Delmotte et al., 2013]. As the climate forcings volcanism 
and TSI are reasonably well known, the LIA is an excellent time period to 
examine the response of tropical SSTs to these known forcings [Jones and Mann, 
2004; Schleussner and Feulner, 2013; McGregor et al., 2015; Tierney et al., 2015]. 
High latitude cooling has been constrained to 1-2 ˚C [Overpeck et al., 1997; 
Marcott et al., 2013] but previous Sr/Ca derived estimates of LIA cooling from 
this region range from 0 to 5 ˚C [Haase‐Schramm et al., 2003; Saenger et al., 
2008; Kilbourne et al., 2010; DeLong et al., 2014]. The cold end of these estimates 
implies greater climate sensitivity in the tropics than at high latitudes, conflicting 
with evidence from both simulations [Holland and Bitz, 2003; Landrum et al., 
2013] and 20th century observations [Pithan and Mauritsen, 2014].  
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Using Sr-U paleothermometry I find that over the period 1465-1560 the 
region was 1.1 ̊C±0.6°C cooler than the 1958-1988 mean, but within error of early 
20th century SST at this site. Critically, several periods of warmth, equivalent to 
the 1958-1988 mean, occurred during a solar minimum that is widely believed to 
have been a cool period of the LIA. My record spans only part of the LIA, the 
coldest time period of which may vary spatially. For example, several high 
latitude records from Northern Europe suggest that the later 18th century may 
have been a particularly cold period [Denton and Karlen, 1973]. Longer and more 
continuous records are required to assess spatial heterogeneity in the timing of 
LIA cooling. This chapter will be submitted shortly to Geophysical Research 
Letters as “Modest Little Ice Age cooling in the Western Tropical Atlantic.”   
 This thesis contributes to the field of coral paleoceanography by improving 
the coral paleotemperature proxy methodology and applying it to reveal 
information about SST and the climate in the past.  
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1.5 Figure 
 
Figure 1-1: Observed globally averaged combined land and ocean surface 
temperature anomaly 1850-2012, adapted from Stocker et al., [2013]. 
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Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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Chapter 2 
 
Comparison of equatorial Pacific sea 
surface variability and trends with Sr/Ca 
records from multiple corals1 
 
2.1    Abstract  	  
Coral Sr/Ca is widely used to reconstruct past ocean temperatures. However, 
some studies report different Sr/Ca-temperature relationships for conspecifics on 
the same reef, with profound implications "for interpretation of reconstructed 
temperatures. We assess whether these differences are attributable to small-scale 
oceanographic variability or “vital effects” associated with coral calcification and 
quantify the effect of intercolony differences on temperature estimates and 
uncertainties. Sr/Ca records from four massive Porites colonies growing on the 
east and west sides of Jarvis Island, central equatorial Pacific, were compared 
with in situ logger temperatures spanning 2002–2012. In general, Sr/Ca captured 
the occurrence of interannual sea surface temperature events but their amplitude 
was not consistently recorded by any of the corals. No long-term trend was 
identified in the instrumental data, yet Sr/Ca of one coral implied a statistically 
significant cooling trend while that of its neighbor implied a warming trend. 
Slopes of Sr/Ca-temperature regressions from the four different colonies were 
within error, but offsets in mean Sr/Ca rendered the regressions statistically 
distinct. Assuming that these relationships represent the full range of Sr/Ca-
temperature calibrations in Jarvis Porites, we assessed how well Sr/Ca of a 
nonliving coral with an unknown Sr/Ca-temperature relationship can constrain 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
    1 Published as: Alice E. Alpert, Anne L. Cohen, Delia W. Oppo, Thomas M. DeCarlo, Jamison 
M. Gove, and Charles W. Young, 2016. Comparison of equatorial Pacific sea surface temperature 
variability and trends with Sr/Ca records from multiple corals. Paleoceanography, 31. This article 
was originally published at http://onlinelibrary.wiley.com/doi/10.1002/2015PA002897/pdf, and is 
reprinted as published with permission granted in the original copyright agreement. 	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past temperatures. Our results indicate that standard error of prediction methods 
underestimate the actual error as we could not reliably reconstruct the amplitude 
or frequency of El Niño–Southern Oscillation events as large as ± 2°C. Our 
results underscore the importance of characterizing the full range of temperature-
Sr/Ca relationships at each study site to estimate true error.  
 
2.2   Introduction 
Precise and accurate sea surface temperature (SST) estimates are critical for 
extending the instrumental record in the tropical Pacific and for separating 
internal climate variability from long-term trends. Instrumental reconstructions 
extending back to the mid nineteenth century [e.g., Smith et al., 2008] rely on 
sparse observational sampling both in space and in time and are unreliable prior 
to 1950 in some places [Vecchi et al., 2008; Deser et al., 2010; Tokinaga et al., 
2012]. For example, the estimated trend in the central equatorial Pacific over the 
twentieth century from three different SST data products ranges from +0.36°C 
per century to +0.74°C per century [Nurhati et al., 2011]. Identifying the true 
rate of warming is important for estimating the sensitivity of Pacific SST to 
global warming, as well as for understanding the full impact of tropical Pacific 
SSTs on recent and future global temperatures and climate [DiNezio et al., 2009].  
Annually banded tropical corals have potential to provide continuous 
seasonally resolved records of ocean variability and trends over the last several 
centuries and, with application of accurate dating techniques, even further back 
in time using data extracted from nonliving colonies. Coral Sr/Ca is currently the 
most widely used coral paleothermometer [Smith et al., 1979; Beck et al., 1992] 
and is based on the generally negative correlation over seasonal cycles between 
skeletal Sr/Ca and the temperature of the water in which the coral grew. While 
	   28	  
the goal of many studies has been to reconstruct SSTs during the preinstrumen- 
tal era (e.g., Kuhnert et al., [2005]; Goodkin et al., [2008]; Kilbourne et al., [2008]; 
Hetzinger et al., [2010]; DeLong et al., [2012, 2014]), several recent applications 
attempt to resolve inconsistencies in twentieth century SST variability and 
trends among the different SST data products or where instrumental coverage is 
sparse (e.g., Nurhati et al., [2011]; Carilli et al., [2014]; Linsley et al., [2015]), 
applications that require both accurate and precise reconstructed temperatures.  
Despite their widespread use, potential sources of uncertainty exist in 
paleotemperature records derived from coral Sr/Ca. Within a single coral colony, 
offsets in mean Sr/Ca occur along different growth axes [de Villiers et al., 1994; 
Alibert and McCulloch, 1997; DeLong et al., 2007], and experimental culture 
studies have shown that the Sr/Ca of corals responds to changes in seawater pH 
and light, even when temperature is constant [Reynaud et al., 2004; Cohen et al., 
2009; Gagnon et al., 2012]. Nutrients and possibly gender have also been shown 
to affect the Sr/Ca of corals [Atkinson et al., 1995; Carricart-Ganivet et al., 
2013]. Many of these discrepancies have been attributed to “vital effects,” the 
result of processes that occur during coral biomineralization (skeletal growth).  
The recognition of vital effects has led to the application of targeted 
sampling strategies intended to minimize their impact (e.g., DeLong et al., 
[2013]). Yet despite careful, targeted sampling strategies, inconsistencies remain. 
For example, offsets in mean Sr/Ca of neighboring colonies collected on the same 
reef have been observed, as have differences in the Sr/Ca sensitivity to 
temperature [Goodkin et al., 2005; Linsley et al., 2006; Saenger et al., 2008; 
Cahyarini et al., 2009; Pfeiffer et al., 2009]. Grove et al. [2013] reported different 
long-term SST trends derived from Sr/Ca of two Porites corals on a Madagascar 
reef, with one suggesting warming and one suggesting cooling. Carilli et al. [2014] 
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reported a cooling trend in corals from the central tropical Pacific over a time 
period when satellite SSTs showed a clear warming trend. Also in the tropical 
Pacific, Nurhati et al. [2011] reported decadal-scale variability in a Sr/Ca-based 
coral SST record that was not observed in the instrumental SST record from the 
region. Such inconsistencies between coral Sr/Ca-derived SST and instrumental 
SST have sometimes been attributed to uncertainties in the instrumental record 
or to real SST variability within the reefal system (e.g., Pfeiffer et al., [2009]). 
These are valid concerns. First, there are significant uncertainties and biases in 
the early part of the instrumental record due mainly to a lack of standardization 
in the way the measurements were made (e.g., Rayner et al., [2006], Kennedy et 
al., [2011]). In areas where data coverage is sparse there are inconsistencies in 
data even after 1950 [Casey and Cornillon, 1999]. Second, many reefal 
environments are morphologically complex and SST gradients can exist between 
exposed barrier environments and more sheltered back reefs and lagoons where 
large Porites often grow [Linsley et al., 2004]. Therefore, differences in Sr/Ca-
derived SST records from coral colonies sampled on the same reef may reflect real 
differences that are not resolved by satellite or Voluntary Observing Ships data.  
Despite these issues, the origin of the observed inconsistencies between 
Sr/Ca-derived SST and instrumental SST, whether vital effects, real 
oceanographic variability, or errors in the instrumental SST record, has never 
been directly addressed. As a result, the ability of coral Sr/Ca to return reliable 
SST variations and trends over a relatively small temperature range remains in 
question.  
We generated Sr/Ca records from Porites corals collected on Jarvis, a 
small (4.5 km2), island in the central equatorial Pacific (159°59′W, 0°22′S) 
fringed by a submerged coral reef. Jarvis Island is situated in the path of the 
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Equatorial Undercurrent (EUC), a subsurface (20–400 m) current that brings 
cool water along the equator from the western to the eastern Pacific [Philander, 
1973; Wyrtki and Kilonsky, 1984]. The EUC upwells when it encounters Jarvis, 
creating a patch of cooler surface water on the west side of the island [Gove et 
al., 2006]. EUC strength and upwelling at Jarvis are affected by El Niño–
Southern Oscillation (ENSO). El Niño events are associated with a weaker EUC, 
reduced upwelling, and warming [Firing et al., 1983; Gove et al., 2006]. The con- 
verse is true during La Niña events. Temperature loggers deployed at several 
stations and depths across the reef provide nearly a decade of in situ temperature 
data that enable quantification of the cross-island difference, the response of 
island SST to interannual variability driven by ENSO, and the global warming 
trend.  
Analysis of coral skeletons collected on each side of the island offers an 
opportunity to assess the ability of coral Sr/Ca to resolve the cross-island 
temperature gradient and to capture the frequency and amplitude of ENSO 
events, as well as any longer-term trend. Our data show that temperature 
estimates derived from Sr/Ca of four Jarvis corals are associated with large 
uncertainties and that they do not consistently record either the ENSO events or 
the long-term trend indicated by the logger data. We conclude that 
inconsistencies among the Jarvis coral Sr/Ca records do not reflect actual SST 
variability around the island and that absolute SSTs, decadal trends, and records 
of interannual variability reconstructed using coral Sr/Ca ratios must be 
interpreted with caution.  
 
2.3 Material and Methods 
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In April 2010, and May and September 2012, five skeletal cores were collected 
from two live coral colonies (Porites lobata) on each of the east and west sides of 
Jarvis Island (Figure 2-1). Using pneumatic drills, cores W037 (April 2010) and 
W497 (September 2012) were collected from a single colony on the west side at 
13 m depth, and core W490 was collected from the west side (September 2012) 
approximately 80 m away at 8 m depth. On the east side of the island, core E016 
was collected in May 2012 at 5 m depth. Core E500 was collected in September 
2012 approximately 300 m away, also at 5 m depth.  
Sea-Bird Electronics (SBE) 39 Temperature Recorder loggers deployed on 
both sides of the island by NOAA’s Coral Reef Ecosystems Program of the 
Pacific Islands Fisheries Science Center (Figure 2-1) recorded temperature every 
30 min. The drift of the SBE recorders is 0.0002°C per month and the precision is 
± 0.002°C. We averaged the logger data into monthly bins. We constructed a 
composite west side temperature record using data from three loggers: W022 (7 
m) and W013 (11 m), within 75 m of both west side corals, and W001 (15 m), 
located 1400 m from both corals (Figures 2-1 and A1-1 in the supporting 
information). When data exist from multiple loggers over the same time period, 
the values are averaged; the mean difference between concurrent values is only 
0.26°C. The east side record is composed of records from loggers E006 (2004–
2010, 13 m) and E020 (2010–2012, 10 m) at the same location within 1100 m of 
both corals (Figures 2-1 and 2-2). As logger E020 essentially replaced logger 
E006, there is no overlapping period for the two east side logger records. 
However, a composite logger record is not needed because both east side logger 
records closely match contemporaneous monthly optimal interpolation SSTs 
(OISSTs v.2) [Reynolds et al., 2002] (see section 2.3) for a 1° × 1° grid box 
centered on Jarvis Island. The OISST analysis combines in situ and satellite 
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SSTs and is adjusted for biases. Weekly resolution fields are linearly interpolated 
to daily resolution and then averaged over each month. We use this relatively 
coarse resolution data product to test whether temperatures at Jarvis Island are 
representative of regional surface conditions.  
The 30mm diameter coral cores were scanned using a Siemens volume 
zoom spiral computerized tomography (CT) scanner at the Woods Hole 
Oceanographic Institution (WHOI) following methods described in DeCarlo et al. 
[2015] (Figure A1-2). Cores were slabbed to 2 mm thickness and ultrasonicated in 
deionized water to remove coral dust. The 50–80μg coral powder was milled at 
1mm intervals in a continuous sampling transect using a Minicraft MB170 drill 
with a 1mm diameter diamond bit. Counts of 88Sr and 48Ca were collected on 
two single-collector Element 2 inductively coupled plasma mass spectrometers at 
WHOI. Sr/Ca ratios were determined by calibration to published standards 
derived from coral skeleton (JCp-1) [Okai et al., 2002; Hathorne et al., 2013a], 
fish otoliths (FEBS-1 [Sturgeon et al., 2005] and National Institute for 
Environmental Studies (NIES) [Yoshinaga et al., 2000]), and limestone (National 
Bureau of Standards (NBS)-19) [Fernandez et al., 2011]. The R2 values between 
measured 88Sr/48Ca counts and published molar Sr/Ca ratios were typically 
>0.999. The JCp-1 standard has a Sr/Ca ratio (8.838 ± 0.042 mmol/mol) similar 
to our coral samples (8.8–9.7 mmol/mol), whereas Sr/Ca ratios of FEBS-1, NIES, 
and NBS-19 are all less than 3 mmol/mol. As a result, our calibration curves for 
Sr/Ca determinations are controlled mainly by the JCp-1 standard. Repeated 
measurements of an in-house secondary coral standard indicate an external 
precision of ± 0.035 mmol/mol (1σ, n = 140, 0.4% relative) and were stable 
throughout our study. Our uncertainty estimates take this analytical precision 
	   33	  
into account through our calculation of the standard error of prediction. To 
evaluate the accuracy of our method and facilitate comparison to Sr/Ca ratios 
measured in other laboratories, we measured the Sr/Ca ratio of JCp-1 by 
calibration to an independent set of standards. Single-element standards (High-
Purity Standards) were mixed to simulate coral skeleton (40 ppm Ca and 
variable concentrations of Mg, Sr, Ba, and U). Three aliquots of JCp-1 powder 
were dissolved, and each was measured in duplicate by calibrating to the 
simulated coral standards (calibration curve R2 > 0.9999). We measured the 
Sr/Ca ratio of JCp-1 as 8.870 ± 0.028 mmol/mol, which is within uncertainty of 
the mean, and within the range of precision, reported from JCp-1 analyses 
conducted in 21 different laboratories [Hathorne et al., 2013a].  
Sr/Ca of overlapping time periods of cores W037 and W497, drilled from 
the same colony, were combined into a single record, hereafter referred to as 
W037 (Figure A1-4). The period of 1996–2010.3 derives from core W037 and 
2010.3-2012.2 derives from core W497. Annual density bands visible in 3-D CT 
scans of the cores were used to construct a first-order chronology with an 
estimated error of ± 1 year. Using Arand software [Howell et al., 2006], we fine-
tuned the Sr/Ca variability to the in situ temperature variations (e.g., 
Guilderson et al., [2004]). Note that this method maximizes the correlation 
between Sr/Ca and temperature. The average adjustment of the band-based 
chronology was < 1 month for cores W497, W037, and E500 and 4 months for 
W490 and E016. The maximum adjustment of any point was 8 months.  
 
2.4  Results 
2.4.1 Logger and OISSTs 
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The mean and variance of both east side logger records E006 and E020 are 
statistically indistinguishable from those of contemporaneous monthly satellite-
derived OISST for a 1° × 1° grid box centered on Jarvis Island (two-sample t 
test; r = 0.99, p = 0.34, and n = 67 and r = 0.98, p = 0.60, and n = 12, 
respectively), indicating that temperatures on the east side are uniform and 
reflect regional SSTs. The mean (27.17°C) and variance (1.53°C) of the combined 
east side logger record are also statistically indistinguishable from OISST (mean 
27.41°C and variance 1.44°C; p = 0.44, n = 75), and their correlation coefficient 
is high (r = 0.99). Furthermore, the mean difference between contemporaneous 
monthly resolved values is only 0.24°C. By contrast, the mean (26.49°C) and 
variance (2.31°C) of the west side composite logger record are statistically 
different from those of OISST over the same period (p < 0.05, n = 75), and the 
correlation coefficient is lower (r = 0.91). While the relatively large (1° × 1°) 
OISST grid box cannot resolve these differences due to their small spatial scale, 
the logger data indicate that corals on the west side of Jarvis experienced 
significantly colder mean temperatures (26.49°C) than their counterparts on the 
east side (27.17°C, p < 0.05, n = 75).  
Interannual temperature variabilities on both sides of the island are 
dominated by ENSO (Figure 2-2). The cross-island temperature gradient is most 
pronounced during La Niña, when west side temperatures are up to 1°C cooler 
than they are on the east side (e.g., the peak month of the 2010–2011 La Niña; 
Figure 2-2). This reflects the increase in the strength of the EUC and 
consequently, EUC upwelling on the west side of Jarvis during La Niña events 
[Gove et al., 2006]. OISST and logger records reveal a significant decade-long 
(2002–2012) cooling trend determined by the ordinary least squares (OLS) 
regression method (-0.204 ± 0.130°C/yr, p<0.05; Table 2-4), consistent with an 
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equatorial Pacific cooling trend reported by Kosaka and Xie [2013]. However, 
over the full period covered by the longest coral records (1997–2012), there is no 
significant trend in the OISST (Table 2-2).  
 
2.4.2 Sr/Ca coral records 
Over the period common to all corals (2007–2012), mean Sr/Ca values of each 
colony are statistically different from one another, with the exception of one west 
side (W037) and one east side (E016) coral (p > 0.99; Table 2-1). Corals E500 
and E016, both growing on the east (warmer) side of the island, have lowest 
(warmest) and highest (coolest) mean Sr/Ca, respectively.  
Trends in the Sr/Ca records do not follow expected patterns and in some 
cases, contradict each other. Over the full length of the records (1997–2012), 
Sr/Ca of one east side coral (E016) shows a statistically significant increase, 
implying cooling, whereas Sr/Ca of the other (E500) shows a statistically 
significant decrease, implying warming (Figure 2-2 and Table 2-2). Over the 
length of the logger records (2002–2012), Sr/Ca of E016 and W037 suggest 
cooling, consistent with the logger records, but that of E500 does not (Figure 2-2 
and Table 2-3).  
 
2.4.3 Sr/Ca-temperature regressions 
We used the OLS regression method to assess how the Sr/Ca time series 
generated for each individual coral captured recorded temperature variability 
through time. Monthly interpolated Sr/Ca from all four cores were regressed onto 
in situ temperature for the period of 2004–2012, over which loggers recorded in 
situ temperatures on both sides of the island (Figure 2-3a and Table 2-4). Slopes 
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range from -0.03 ± 0.01 to -0.09 ± 0.01 (mmol/mol/°C), within the range of 
values reported in Corrège [2006].  
Analysis of variance (ANOVA) performed between Sr/Ca and logger 
temperature regressions identified statistically different slopes (95% confidence 
level) among most combinations of coral pairs (p<0.05; Table 2-1). However, the 
slopes of W490 and E500 versus temperature are different at the 90% confidence 
level and of W037 and E016 are the same at the 99% confidence level. Sr/Ca-
temperature correlation coefficients range from -0.58 (n = 65, p < 0.05) in core 
W490 to -0.84 (n = 95, p < 0.05) in core W037, which are comparable with those 
generated for Porites corals at other tropical Pacific sites [Cahyarini et al., 2009; 
Nurhati et al., 2011; Carilli et al., 2014]. Regressing Sr/Ca onto OISST rather 
than logger temperature yielded similar results (Figure 2-3b), with slopes all 
significantly different except for W037 versus E016. Sr/Ca-SST correlation 
coefficients range from -0.47 (n = 65, p < 0.05) in core W490 to -0.81 (n = 98, p 
< 0.05) in core E016. Slopes of the regression of Sr/Ca on OISST and of the 
regression of Sr/Ca on logger temperatures are statistically identical for each 
coral (p < 0.05; Table 2-1).  
 
2.4.4 Temperature-Sr/Ca regressions 
In order to use Sr/Ca to estimate temperatures, we regressed logger temperature 
on Sr/Ca. Except for W037 versus E500, the regressions are not within error of 
each other (Figure 2-4), although an ANOVA showed statistically 
indistinguishable slopes of the regressions (p < 0.05; Table 2-1). Correlation 
coefficients are identical to those reported above in section 2.3.3. We calculated 
the standard error of prediction of temperature 𝑆𝐸 𝑇    for a single derived 
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temperature estimate using the following expression from Brownlee [1965]: 
 
                                                  𝑆𝐸 𝑇 =   𝜎 !! +    !"/!"!!"/!" !!!! !!!! !!!!! + 1                        (Eq. 2-1) 
 
where 𝜎  is the standard deviation of the estimated temperature values, 𝛽! is the 
estimated slope of the regression, n is the number of samples, overbars indicate 
time series means,  Tj is the temperature measured at all times j, 1 to n. This 
statistic is not a propagation of error; rather, it estimates the error on 
temperature derived from a Sr/Ca ratio of the same coral from which the 
regression was derived. Standard errors of prediction for logger temperature 
regressions on Sr/Ca range from 0.7°C in E016 to 1.21°C in W490 (Table 2-1). 
Regressing OISST on Sr/Ca yielded similar results (Table 2-1), and slopes of the 
regression of Sr/Ca on OISST and of the regression of Sr/Ca on logger 
temperatures are statistically identical for each coral (p<0.05; Table 2-1). 
However, equation (2-1) represents only the error of prediction internal to a 
particular coral record (i.e., the calibration equation is applied to the same coral 
with which it was developed). When temperature reconstructions are performed 
using multiple corals, equation (2-1) drastically underestimates the true error as 
a result of varia- tions in Sr/Ca-temperature relationships among corals (section 
2.4.2.1 below).  
 
2.5 Discussion 
2.5.1 Vital effects or real oceanographic variability 
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Analysis of the Sr/Ca records generated from contemporaneous Porites corals 
sampled from the west and east sides of Jarvis Island reveal inconsistencies that 
cannot be attributed to island-scale oceanographic variability. The mean Sr/Ca 
of E016 is 0.13 mmol/mol higher than that of E500 growing adjacent to it over 
the same time period. At the Sr/Ca-temperature sensitivities of these corals 
(Table 2-1), this difference represents 1.4–2.2°C. At Jarvis, such a large 
temperature difference is unlikely, given that the corals are both located on the 
east side of the island, at the same depth, in unsheltered locations, and east side 
logger records are each statistically identical to satellite temperature indicating 
the homogeneity of the temperature field bathing the corals there. Similarly, the 
0.10 mmol/mol difference in mean Sr/Ca between the corals on the west side 
suggests a temperature difference of 1.1–3.3°C. However, the standard deviation 
of absolute differences in temperatures from multiple in situ loggers deployed on 
the west side is 0.07°C and the distance between the loggers is an order of 
magnitude greater than the distance between the corals.  
Moreover, mean Sr/Ca of corals occupying the west, and thus the cooler, 
side of the island are not consistently higher than those of corals occupying the 
east side of the island, as would be predicted from the generally inverse 
relationship between Sr/Ca and temperature. Together these observations 
exclude the possibility that the Sr/Ca differences among corals are due to micro-
oceanographic heterogeneity and point toward vital effects as a source of the 
inconsistencies.  
 
2.5.2 Evaluation of Sr/Ca-derived temperature records from 
non-living corals  
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Like our study, previous studies have reported offsets in mean Sr/Ca translating 
to 1–4°C [Goodkin et al., 2005; Linsley et al., 2006; Saenger et al., 2008; 
Cahyarini et al., 2009; Pfeiffer et al., 2009; Wu et al., 2014] from multiple corals 
from the same genus and the same reef or island. Our attribution of the offsets 
we find to vital effects poses a problem for interpretation of long-term 
temperature records from multiple, nonoverlapping nonliving corals [Guilderson 
et al., 1994; McCulloch et al., 1996; Beck et al., 1997; Gagan et al., 1998; Hughen 
et al., 1999; Abram et al., 2009; Kilbourne et al., 2010; Toth et al., 2015]. For 
example, if E016 was a nonliving coral and E500 was a modern coral, we could 
erroneously infer that there had been a 1.4–2.2°C increase in mean temperature 
at this site, when in fact, we have shown that the difference in Sr/Ca is not due 
to temperature.  
Like ours, other studies have found statistically distinct regression slopes 
of Sr/Ca on temperature [Saenger et al., 2008; Cahyarini et al., 2009; Pfeiffer et 
al., 2009]. Here we use several approaches to further investigate the implications 
of such differences in mean Sr/Ca and regression slopes for temperatures 
reconstructed from nonliving corals.  
 
2.5.2.1 Stacking records 
Several studies present a Sr/Ca “stack” or “master” record constructed by 
averaging concurrent Sr/Ca values from multiple cores and regressing 
temperature on the stacked Sr/Ca. This has been applied in cases when the 
regression slopes of multiple corals were distinct [Linsley et al., 2006; Cahyarini 
et al., 2009; Pfeiffer et al., 2009; Wu et al., 2014], as well as another in which 
multiple corals had regression slopes within error and no offsets [DeLong et al., 
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2007]. We replicated this method to create an averaged stack of Sr/Ca from all 
four corals over the time covered by all coral records (2007–2012) and regressed 
OISSTs onto this stack (Figure 2-5 and Table 2-1). The mean error of prediction 
of the stack regression is 0.779 ± 0.006°C (1σ, n = 260; Table 2-1), calculated 
following Brownlee [1965].  
To simulate the application of this regression to a single coral with 
unknown temperature-Sr/Ca relationship (i.e., a nonliving coral that is analyzed 
to extend the record back in time), we applied the stack regression to each of the 
four Sr/Ca records generated in this study (Figure 2-6). We assume that our 
living corals have captured the full range of possible temperature-Sr/Ca 
relationships at this site. Using the same stack regression however, the different 
corals suggest different temperature histories, including inconsistencies that are 
exaggerated during cold (La Niña) events. For example, corals E500 and W490 
do not record the strong cooling during the 2007–2008 La Niña and the derived 
2010 cooling is smaller in these corals than that suggested by E016 and W037. 
Coral W490 shows warming during the 2012 cooling. Corals E016 and W037 
register large cool events in 2007–2008, 2010, and 2012, although they disagree on 
the magnitude of the 2008 cooling. Using only one of these records, we might 
draw erroneous conclusions with respect to the amplitude or frequency of large 
cold events at this site. Differences also exist among the colonies in the estimated 
temperature and amplitude of warm events, although they are not as large as the 
discrepancies during cool events.  
Inconsistencies between coral records extend beyond amplitude of 
variability. As expected from the differences in mean Sr/Ca, the mean SSTs 
derived from the stack regression for the four corals are not all within standard 
error of one another: 27.7 ± 0.1°C (n=65), 27.3 ± 0.1°C (n=65), 26.3 ± 0.2°C 
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(n=65), and 27.3 ± 0.1°C (n = 65), for corals E500, W490, W037, and E016, 
respectively, with differences among sites inconsistent with their growth 
temperatures.  
Long-term trends in reconstructed SST are also inconsistent. Over the 
period covered by all three corals (1998–2012), the trends in W037, E016, and 
OISST are positive and statistically indistinguishable from one another (Figure 2-
6). However, the trend in estimated temperatures for E500 is cooling and 
statistically distinct. Similar discrepancies are seen in a record from Butaritari 
[Carilli et al., 2014], where the post-1976 Sr/Ca-derived trend is cooling, when 
the instrument-based data indicate warming [Karnauskas et al., 2015], and in two 
Sr/Ca records from the same site in Madagascar [Grove et al., 2013] having 
opposite trends. These observations imply that coral Sr/Ca may suggest 
temperature trends opposite to those actually experienced. Thus, interpretations 
of long-term trends derived from coral Sr/Ca should be viewed cautiously, and 
any implied trend should be replicated in several corals.  
The large spread in Sr/Ca-derived temperatures and the often 
nonoverlapping error of the derived temperatures indicate that the standard error 
of prediction for the stack underestimates the true error of applying this 
calibration to a nonliving coral or any coral with an unknown SST-Sr/Ca 
relationship. The departures of the Sr/Ca-temperature points of each of the 
individual corals have a systematic relation- ship with SST; the departures from 
the stack regression are correlated, rather than randomly distributed. For 
example, since the regression from E016 lies above the stacked regression (Figure 
2-5), the estimates from coral E016 are largely too cool, while the estimates from 
E500, lying below the stack regression, are largely too warm. A more realistic 
estimate of the potential range of temperatures takes the difference between the 
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concurrent maximum and minimum temperature estimates from the four corals, 
including the error bars constructed using one standard error of prediction 
(Figure 2-6, bottom, gray curve). This approach yields an average range on 
temperatures derived from Sr/Ca of 3.8 ± 1.0°C (1σ, n=65), with the largest 
values at low temperatures (for example, 6.4°C at an OISST of 25.1°C; Figure 2-
6, bottom, gray curve) and smallest values at high temperatures (for example, 
2.2°C at an OISST of 28.5°C; Figure 2-6, bottom, gray curve).  
 
2.5.2.2 “Global” regression 
Given the uncertainties of applying a regression based on stacked Sr/Ca, another 
approach is to combine all Sr/Ca values from the four colonies in a single global 
regression. In contrast to the stack regression in which we averaged concurrent 
Sr/Ca values from all four corals for a single data set of 65 points, in the global 
regression we used all 359 original data points (for 2004–2012) employed in the 
logger-based regressions for all four corals (Figure 2-4). We then regressed the 
corresponding logger temperatures on these Sr/Ca values (Figure 2-7 and Table 
2-1). As with the stack regression, we applied this global regression to each of the 
four Sr/Ca records as if they were from nonliving corals with unknown 
relationship to temperature (Figure 2-8). The average standard error of 
prediction is 1.023 ± 0.003°C (1σ, n = 316; Table 2-1) calculated according to 
Brownlee [1965]. The results of this method are similar to those using the stack; 
there is little consensus among the corals on the amplitude of large warm and 
cold events, with the uncertainty especially large during cold events. Depending 
on which coral was selected from the set of corals and analyzed for Sr/Ca, the 
results could indicate strong ENSO-driven interannual variability (E016 or 
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W037) or virtually none (W490).  
Similar to the results of the stack regression, the mean temperature 
predictions among corals are not within standard error of each other and 
differences among sites are inconsistent with their growth temperatures. Trend 
results are the same as for the stack regression (Figure 2-8) and are not sensitive 
to the period over which the trends are calculated.  
Like the estimates based on the stack regression, the standard error of 
prediction for the global regression underestimates the true range of temperatures 
resulting from the application of this calibration to a coral with an unknown 
SST-Sr/Ca relationship, which we estimate is 3.8 ± 0.8°C (1σ, n = 65) calculated 
the same way as for the stack regression. 
 
2.5.2.3 Application of all individual regressions 
We investigated one additional method for estimating temperatures and 
associated errors for a Sr/Ca record from a nonliving coral from Jarvis, applying 
all regressions to each single Sr/Ca record. The range of estimates is graphically 
represented by the difference between the maximum and minimum temperatures 
for a given Sr/Ca value, based on any of the four regressions on logger 
temperatures (Figure 2-4), and their associated estimates, as discussed below.  
We applied all regressions to each coral and took the maximum and 
minimum temperatures returned by the four regressions as the maximum and 
minimum temperature estimates for that time point. To account for the errors of 
prediction of the regressions, we added the standard error of prediction of the 
regression used to construct the maximum estimate (W490, 1.21°C) to the initial 
maximum estimate and subtracted the standard error of prediction of the 
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regression used to construct the minimum estimate (E016, 0.74°C) to the initial 
minimum estimate. The temperatures between the resulting maximum and 
minimum estimates for each coral indicate the range of potential temperatures 
estimated by that coral (Figure 2-9), and these average 3.7 ± 0.7°C (1σ, n = 78). 
Although the range of estimated temperatures includes the OISST estimate for 
most of all four records, the spread in the derived temperatures is so large that 
even temperature excursions that are ± 2°C from the mean could not be reliably 
identified using a Sr/Ca record from a single coral (Figure 2-9).  
 
2.6 Conclusions and Outlook 
SST records from corals in the tropical Pacific such as those at Jarvis Island have 
the potential to help answer critical questions about the global climate system 
and its response to anthropogenic increases in greenhouse gases. In general, SST 
derived from Sr/Ca captured the occurrence of interannual SST events but the 
amplitude of these events was not consistently recorded by any of the corals 
(Figure A1-5). The slopes of the regressions of temperature on Sr/Ca are within 
error for all four different corals (Figure 2-4); however, mean offsets in Sr/Ca, 
equivalent to 1.1–3.3°C, between corals experiencing the same temperatures 
(Table 2-1) imply that the regressions of temperature on Sr/Ca are not within 
error. Therefore, deriving a temperature-Sr/Ca relationship from a coral collected 
live and applying it to another coral has the potential to introduce errors as large 
as 4°C or more (e.g., Figure 2-9), comparable to errors found in a compilation of 
18 corals [Moreau et al., 2015]. The large uncertainty when any regression is 
applied to a single coral of unknown temperature-Sr/Ca relationship compromises 
the utility of Sr/Ca to estimate the amplitude and frequency of ± 2°C 
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temperature oscillations with any confidence.  
Calibrating a stack of all four Sr/Ca records against temperature (Figure 
2-5) or combining all coral data into a global regression (Figure 2-7) yields 
inconsistent SST estimates when applied to individual corals (Figures 2-6 and 2-
8). Standard error of prediction based on the expression in Brownlee [1965] 
underestimates the potential errors, based on the ranges of temperature estimates 
using these methods, by a factor of more than 2.  
While the magnitude of the resulting uncertainty is problematic for 
absolute temperature estimates based on Sr/Ca from nonliving corals, it is also 
troublesome for determining the amplitude of temperature variability from 
nonliving corals. Even if the mean is removed, differences in the slope of the 
Sr/Ca-temperature relationship will result in different amplitudes of variability.  
Finally, Sr/Ca trends from different corals living at the same time in the 
same water temperature are of opposite sign, implying that extreme caution must 
also be exercised in using a calibration based on a coral collected live to estimate 
recent or preinstrumental temperature trends.  
Our results indicate that temperature estimates derived from coral Sr/Ca 
must be accompanied by realistic errors that can only be estimated by 
characterizing the distribution of potential Sr/Ca-SST relationships at the study 
site. Coral skeleton Li/Mg ratios are potentially a more robust temperature proxy 
[Montagna et al., 2014], yet unexplained deviations between Li/Mg and 
temperature remain [Hathorne et al., 2013b]; it is essential to further expand this 
and other methods to take into account vital effects.  
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2.9 Figures and tables  
 
Figure 2-1: Jarvis Island showing locations of temperature loggers (green 
squares) and coral colonies sampled for this study (white circles). The filled 
circles represent the water temperature at 10 m from conductivity-temperature-
depth (CTD) casts conducted in March 2000 [Gove et al., 2006]. Colder west side 
temperatures result from topographic upwelling of the Equatorial Undercurrent. 
The scale bar indicates the 1 km distance.  
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Figure 2-2: (top) Average monthly OISST-gridded temperatures [Reynolds et 
al., 2002] from the 1° × 1° box centered on Jarvis Island (black) compared with 
the average monthly west side logger composite (blue) and average monthly east 
side combined logger (red). (bottom) Sr/Ca records (mmol/mol) from all four 
corals with 1σ analytical error (0.04 mmol/mol) shaded. The thick red horizontal 
lines indicate the El Niño periods as defined by Oceanic Niño Index (ONI: 3 
month running mean of ERSST v3b SST anomalies in the Niño 3.4 region 5°N–
5°S, 120–170°W [Smith et al., 2008]) ≥1.0, and the heavy blue horizontal lines 
indicate the La Niña periods as defined by ONI ≤ -1.0. The solid lines denote the 
1997–2012 trends in OISST (black) and coral Sr/Ca records (colors). Slopes and 
errors are provided in Table 2-2.  
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Figure 2-3: (a) Regression of coral Sr/Ca from each of the four cores onto in 
situ logger data (west side composite for west side corals and east side combined 
logger for east side corals). The shaded error bars represent the regression errors. 
Slopes are statistically different except W037 versus E016 (p > 0.99) and W490 
versus E500 (p < 0.10; Table 2-1). Population means are all statistically different 
except for W037 versus E016. Slopes and errors are provided in Table 2-1. (b) 
Regression of coral Sr/Ca onto OISST for each of the four cores for the period of 
2006–2012. The shading represents the regression errors. Slopes are statistically 
different except W037 and E016, which are within error (p > 0.99; Table 2-1).  
 
 
 
 
 
a
Temperature (°C)
Sr
/C
a 
(m
m
ol/
m
ol)
 
 
22 24 26 28 30
8.9
9.1
9.3
9.5
9.7
W037
W490
E500
E016
b
Temperature (°C)
22 24 26 28 30
8.9
9.1
9.3
9.5
9.7
	   56	  
 
Figure 2-4: Regression of in situ logger data onto coral Sr/Ca from each of the 
four cores. Although only the regressions of W037 and E500 are within error, the 
slopes for all four corals are within error (Table 2-1). Standard errors of inverse 
prediction range from 0.744 ± 0.001°C (1σ, n = 78) for E016 to 1.21 ± 0.01°C 
(1σ, n = 65) for W490.  
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Figure 2-5: Regression of stacked Sr/Ca (black circles) onto OISST (black, with 
shading indicating the error on regression). Standard error of inverse prediction is 
0.779 ± 0.006°C (1σ, n = 65).  
 
 
 
 
 
 
 
 
Sr/Ca (mmol/mol)
8.9 9.1 9.3 9.5 9.7
Te
m
pe
ra
tu
re
 (°
C)
22
24
26
28
30
	   58	  
 
Figure 2-6: Derived temperatures from all four corals generated using the 
regression of stacked Sr/Ca on OISSTs (Figure 2-5). The shading indicates the 
standard error of prediction for the stack regression, 0.779 ± 0.006°C (1σ, n = 65; 
Table 2-1). The gray solid line below tracks the maximum difference between 
temperatures derived from each of the corals at a given time point. This 
difference averages 3.8°C over the period covered by all four corals. The solid 
lines denote the 1997–2012 trends in OISST (black) and coral Sr/Ca records 
(colors). Although OISST suggests no trend and two corals suggest cooling trend 
(E016 and W037), these trend slopes are within error of each other and are not 
significant. Conversely, the trend in E500 is significant (p < 0.02) and indicates 
that the east side of Jarvis Island warmed over this time period.  
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Figure 2-7: Global regression of Sr/Ca onto logger temperatures (black, with 
shading indicating standard error of prediction, 1.023 ± 0.003°C, 1σ, n = 359). 
Sr/Ca values and coral-specific regressions for W037, W490, E016, and E500 are 
plotted in orange, red, blue, and green, respectively.  
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Figure 2-8: Derived temperatures from all four corals generated using the global 
regression on logger temperature (Figure 2-7). The shading indicates the standard 
error of prediction for the global regression, 1.023 ± 0.003°C (1σ, n = 359; Table 
2-1). The difference between maximum and minimum derived temperatures from 
all corals at a given time point is plotted in gray and averages 3.8°C over the 
period covered by all four corals. The solid lines denote the 1997–2012 trends in 
OISST (black) and coral Sr/Ca records (colors). All trend slopes are within error 
of each other except for E500, which suggests significant (p < 0.02) warming.  
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Figure 2-9: (a) Derived temperatures from W037 generated by applying all four 
regressions on logger temperatures (Figure 2-4) to its Sr/Ca record. The magenta 
line marks the maximum estimate plus one standard error of prediction, and the 
blue line marks the minimum estimate minus one standard error of prediction. 
The gray shading represents the range of possible estimates within ± 1 standard 
error of prediction. OISST is indicated by the black line, with dashed horizontal 
lines indicating ± 2°C from the mean for the period covered by the three long 
records: W037, E016, and E500. (b–d) Same as in Figure 2-9a but for E016, 
E500, and W490, respectively. The average difference between maximum and 
minimum derived temperatures over the range of Sr/Ca values measured is 3.7°C.  
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Chapter 3 
 
20th century warming of the tropical 
Atlantic captured by Sr-U 
paleothermometry2 
 
3.1    Abstract 
The skeletons of tropical, long-lived corals are valuable archives of ocean 
conditions with potential to extend the short instrumental record into the past. 
However, accessing that information has been compromised by uncertainties 
associated with the application of single element-ratio coral thermometers, 
including Sr/Ca. A new approach, Sr-U, combines Sr/Ca and U/Ca to constrain 
the influence of Rayleigh fractionation on the temperature dependence of Sr/Ca 
[DeCarlo et al., 2016]. Here, we build on the initial Pacific Porites Sr-U 
calibration to include multiple Atlantic and Pacific coral genera spanning a 
temperature range of 23.2-30.1 ˚C, and show that Sr-U is strongly correlated 
with average temperature over which coral growth occurs (R=-0.96, P<0.01, 
n=19). We constructed a multi-species, spatial Sr-U-SST calibration (𝑇!"#   =−11± 1(𝑆𝑟𝑈 − 9)+ (28.0± 0.1); standard error of prediction = 0.6 ˚C (1σ, 
n=19), validated on a Pocillopora coral not included in the calibration, and 
applied it to a Puerto Rico Orbicella faveolata to derive a sea surface temperature 
(SST) record from 1900 to 2010 AD. Comparison of Sr-U derived SST with the 
instrumental record of SST indicates that Sr-U captures actual SST (within 0.32 
˚C), multi-decadal variability and the 20th century warming trend (0.06 ˚C per 
decade), patterns that were replicated in a second coral from a neighboring 
island. Conversely, Sr/Ca records from the same two coral cores were 
inconsistent with each other and did not capture the absolute SST, variability or 
trends. Our results suggest that Sr-U paleothermometery is promising for 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
    2 Submitted to Paleoceanography as: Alice E. Alpert, Anne L. Cohen, Delia W. Oppo, Glenn 
A. Gaetani, Edwin A. Hernandez-Delgado, Thomas M. DeCarlo, Amos Winter, and Meagan E. 
Gonneea, Warming of the tropical Atlantic captured by Sr-U paleothermometry. 	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downcore reconstructions of mean ocean temperatures, multi-decadal variability 
and centennial trends. 
 
3.2 Introduction 
The instrumental record of SST extends back to ~1856 but is considered less 
reliable with increasingly sparse coverage prior to the 1950s [Deser et al., 2010]. 
65 years of reliable data is too short to enable robust assessment of shifts in mean 
temperature associated with anthropogenic activity [Latif et al., 2006; Enfield 
and Cid‐Serrano, 2010; Solomon et al., 2011; Otto et al., 2013; Trenberth and 
Fasullo, 2013] or to characterize multi-decadal variability and trends [Johns et 
al., 2011; Kilbourne et al., 2014]. The annually-banded skeletons of massive, long-
lived corals are a potentially valuable archive of ocean temperature conditions 
that can be used to extend the instrumental record across space and back in 
time. Sr/Ca [Smith et al., 1979; Beck et al., 1992] is currently the most widely 
used coral proxy thermometer [e.g., Carilli et al., 2014; DeLong et al., 2014; Wu 
et al., 2014; Thompson et al., 2015; Toth et al., 2015]. However, many studies 
show that Sr/Ca-derived temperatures do not consistently capture mean SST 
(e.g., Goodkin et al. [2005]; Saenger et al. [2008]; Alpert et al. [2016]), SST trends 
(e.g., Smith et al. [2006]; Scott et al. [2010]; Grove et al. [2013]; Carilli et al. 
[2014]; Alpert et al. [2016]) or multi-decadal variability (e.g., Nurhati et al. 
[2011]) evident in the post-1950 instrumental record. Indeed, reconstructing 
absolute SST, variability, and trends from Sr/Ca is complicated by “vital effects,” 
processes that distort the temperature dependence of Sr/Ca [de Villiers et al., 
1994; Cohen et al., 2002]. 
Multiple lines of evidence point to effects of Rayleigh fractionation, 
associated with the precipitation of coral aragonite in a semi-isolated calcifying 
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space, as the source of Sr/Ca “vital effects” [Cohen et al., 2006; Gaetani and 
Cohen, 2006; Gagnon et al., 2007]. When the CaCO3 saturation state of the 
coral’s calcifying fluid is high (low), more (less) aragonite precipitates and its 
Sr/Ca ratio decreases (increases), and these changes can occur independently of 
temperature. For example, in laboratory culture, coral Sr/Ca increased with 
decreasing seawater pH at constant temperature, because the precipitation 
efficiency of the coral decreases with seawater acidification [Cohen et al., 2009]. 
A novel paleothermometer, Sr-U, builds on the concept of Rayleigh-based 
Multielement Thermometry proposed in Cohen and Gaetani [2010] and Gaetani 
et al., [2011], combining element ratios to account for the influence of Rayleigh 
fractionation on coral Sr/Ca. DeCarlo et al. [2015] showed that the U/Ca ratio of 
aragonite precipitated abiogenically from seawater is dependent on seawater 
carbonate ion concentration [CO32-] and that coral U/Ca tracks the [CO32-] of the 
calcifying fluid. Subsequently, DeCarlo et al. [2016] proposed combining coral 
Sr/Ca and U/Ca to counter the “vital effect” on Sr/Ca. Using a suite of Pacific 
Porites corals collected live from seven coral reef sites, DeCarlo et al. [2016] 
showed that Porites Sr-U was strongly correlated with SST over a temperature 
range from 23.2-30.1 °C.  
Here we examine the relationship between Sr-U of four additional coral 
genera used in paleo-oceanographic SST reconstructions, derive a universal multi-
species, multi-ocean Sr-U to SST calibration, and apply the new thermometer 
down core to construct SST timeseries. We compared the Sr-U-derived SST with 
Sr/Ca-derived SST timeseries using the same Sr/Ca data.    
 
3.3 Material and Methods: 
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3.3.1 Corals: 
3.3.1.1 Extended Sr-U-SST Spatial Calibration:  
We generated Sr/Ca and U/Ca from eight corals representing four Scleractinian 
genera and seven reef sites (Table 3-1, Figures B-1, B-2, B-3, B-4). All colonies 
were sampled live (Figure 3-3-3-1, Table 3-1). The Bermuda corals were stained 
in situ with sodium alizarin sulphonate dye in June 2000, on September 18, 2000, 
and on January 24, 2001 prior to collection on June 1, 2001 (Figure B-5) [Cohen 
et al., 2004].  
All cores and branches were slabbed along the axis of maximum growth 
using a water-cooled IsoMet 1000 Precision saw, and scanned using the Siemens 
Volume Zoom Spiral Computerized Tomography (CT) Scanner at the Woods 
Hole Oceanographic Institution [Saenger et al., 2009; Vásquez‐Bedoya et al., 
2012] (Figure B-6). Faster growing corals were sub-sampled for solution ICPMS 
analysis following the procedure described in Alpert et al. [2016]. First, the coral 
slabs were ultra-sonicated in deionized water to remove coral dust. Using annual 
bands visible in the CT scans to guide sampling resolution, 50-80 µg coral powder 
was milled at 0.6-1.0 mm intervals (depending on growth rate) using a Minicraft 
MB170 drill fitted with an 0.3 mm diameter diamond bit.   
Two Pocillopora damicornis colonies were collected in the Gulf of 
Chiriqui, Pacific Panama in November 2011, one from the Canales Norte and 
another from Pacora Island 3.5 km away. Two lateral branches from each of the 
colonies were sub-sampled along the axis of maximum growth (Figure B7) using 
a Minicraft MB170 drill fitted with a 0.3 mm diameter diamond bit. No annual 
bands were visible in CT scans of the branches so we assumed a linear extension 
rate of ~1.5 cm per year [Guzmán and Cortés, 1993] to guide our sampling 
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resolution of 1 mm. As the Sr/Ca and U/Ca values from the two branches of 
PAN-PD-014 match very closely (Figure B1), we combined data from the two 
branches into a single dataset. We likewise combined data from the two branches 
of PAN-PD-017 into a single dataset.  
Slow-growing corals, Bermuda Diploria labyrinthiformis (BER-DL-003) 
and Orbicella franksii (BER-OF-001) and Yucatan Siderastrea sideraea (Jardin 
C, [Gonneea, 2014]) were analyzed using laser ablation-ICPMS. Sections of 
Bermuda BER-OF-001 and BER-DL-003 were epoxy-mounted in a 25.4 mm 
diameter aluminum ring, and a thin section of Jardin C was epoxy-mounted on a 
glass slide. All samples were polished down to 0.3 µm-alumina suspension [Cohen 
et al., 2004]. 
 
3.3.1.2 Temporal reconstruction: 
The spatial calibration derived here was used to reconstruct a continuous, inter-
annually resolved SST timeseries spanning most of the 20th century. We 
compared the Sr-U-derived SST record with instrumental SST to assess the 
ability of Sr-U to capture SST means, inter-annual variability and the 20th 
century warming trend. Two cores from colonies of O. faveolata were analyzed 
for the timeseries reconstruction. One colony was cored live on Mona Island, 
Puerto Rico in 2012 in 7 m water depth. The other coral was cored live at 
Pinacles Reef in 1991 in 7 m water depth. Both cores were CT scanned, slabbed, 
sonicated and sub-sampled as described above. Sr/Ca and U/Ca values were 
collected using solution ICPMS. 
 
3.3.2. Inductively-Coupled Plasma Mass Spectrometry: 
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3.3.2.1. Solution analyses: 
Solution analyses followed the procedure described in Alpert et al. [2016]. Counts 
of 88Sr, 238U, and 48Ca were measured on a single-collector Element 2 inductively 
coupled plasma mass spectrometer (ICPMS) at the Woods Hole Oceanographic 
Institution. Coral powders from CUR-DL-882, STX-MA-001, PR-MA-003, PAN-
PD-014, PAN-PD-017, PR-OF-001, and PR-OF-002 were dissolved in 5% trace 
metal grade nitric acid. Sr/Ca values were determined by calibration to a curve 
of standards derived from coral skeleton (JCp-1) [Okai et al., 2002; Hathorne et 
al., 2013], fish otoliths (FEBS-1, NIES) [Yoshinaga et al., 2000; Sturgeon, 2005], 
and limestone (NBS-1) [Fernandez et al., 2011], and U/Ca values were 
standardized to JCp-1. Repeated measurements of an in-house secondary coral 
standard indicate an external precision of ±0.035 mmol/mol (1σ, n=173, 0.4% 
relative) for Sr/Ca and 0.02 µmol/mol for U/Ca (1σ, n=173, 0.019% relative) 
and the ICPMS was stable throughout our study. We have previously measured 
the Sr/Ca and U/Ca values of three aliquots of JCp-1 powder as 8.870 ± 0.028 
mmol/mol and 1.23 ± 0.01 µmol/mol [Alpert et al., 2016] which is within 
uncertainty of the mean, and within the range of precision, reported from JCp-1 
analyses conducted in 21 different laboratories [Hathorne et al., 2013]. 
 
3.3.2.2. Laser ablation analyses: 
Sr/Ca and U/Ca of slow-growing corals (≤5 mm/yr) BER-OF-001, BER-DL-003 
and Jardin C were measured using the UP-193 nm New Wave Research laser 
ablation system mounted to the Element 2 ICPMS at WHOI. We targeted the 
base of the crystal bundles (fasciculi), generating a sampling track that ran 
parallel to the centers of calcification, while avoiding the centers themselves 
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[Cohen and Thorrold, 2007]. For BER-DL-003, we used a laser beam 100 µm in 
diameter at 6Hz with 4 sec dwell time for pre-ablation, 9 Hz and 65 sec dwell 
time for the ablation. Sampling spots were spaced 250 µm apart. An external 
USGS carbonate standard MACS-3 was analyzed every 22 samples and used to 
construct a standard curve forced through the origin. The standard deviation of 
intensities measured in MACS-3 was 0.9% for Sr/Ca and 4.7% for U/Ca (1σ, 
n=5). BER-OF-001 spots were 75 µm in diameter centered 150 µm apart, with a 
100 µm diameter preablation spot. A die-pressed pellet of JCp-1 coral powder 
and standard MACS-3 were analyzed every eight samples. Each standard was 
measured three times and the average value of the three measurements was used 
to construct a standard curve forced through the origin. The standard deviation 
of averaged JCp-1 measurements was 1.1% for Sr/Ca and 2.2% for U/Ca (1σ, 
n=6). The standard deviation of averaged MACS-3 measurements was 1.0% for 
Sr/Ca and 14.2% for U/Ca (1σ, n=6). For analysis of the Yucatan coral Jardin 
C, the laser was operated at 10 Hz with a 100 μm spot size centered 200 μm 
apart. Sr/Ca values were determined using a calibration curve of standards 
including JCp-1, FEBS-1, and NIES, run every 8 samples. U/Ca values were 
standardized to JCp-1. We used published values from Jochum et al. [2012] for 
MACS-3 and from Hathorne et al. [2013] for JCp-1. Sr/Ca and U/Ca data are 
provided in Supplementary figures S1, S2, S3, and S4.  
 
3.3.3. Age Models: 
With the exception of the Pocillopora corals, annual density bands visible in 3-D 
CT scans were used to construct a first order chronology with an estimated error 
of ±1 year (Figure B6). The CT-based age models were fine-tuned using the 
seasonal correlation between Sr/Ca and temperature (e.g., Guilderson et al. 
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[2004]). The maximum “adjustment” of any point was 8 months. The age model 
for BER-DL-003 was based upon growth rates estimated in Cohen et al. [2004]. 
The slab prepared from BER-OF-001 for laser ablation analyses could not be CT 
scanned and therefore age control was based upon the assumption that cyclic 
Sr/Ca variability was related to annual temperature cycles.  
 
3.3.4. Temperature data for the calibration: 
In situ logged temperatures are available for Jarvis Island, Palmyra, Palau, 
Pacora Island and the Red Sea sites [Pineda et al., 2009; Cantin et al., 2010; 
Barkley et al., 2015; Alpert et al., 2016]. At other sites, logger data were available 
but discontinuous or not covering the same time period as the coral records. For 
these sites, we first verified that monthly averaged logger temperatures were 
consistent with contemporaneous monthly optimal interpolation SSTs (OISST 
v.3b, Reynolds et al. [2002]), which were then used instead.  
SST at John Smith’s Bay, Bermuda, was recorded daily between 1996 and 
2001 by in situ Onset Stowaway XTI temperature data loggers at 13 m depth. As 
this record does not cover the entire period corresponding to the coral analyses 
and is discontinuous, we compared monthly averaged logger data to OISST 
values for a 1˚x1˚ grid box centered on Bermuda Island. On average the OISST 
values are 0.17 ˚C warmer than those of the logger. The correlation coefficient 
between the two records is 0.92, a student t-test indicates that their means are 
statistically indistinguishable, and an f-test indicates that their variances are 
statistically indistinguishable. Therefore we used OISST for the local grid box to 
estimate temperature at the John Smith’s Bay site during the time period over 
which the coral skeleton was analyzed (1994 to 2000). 
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SST near Willemstad, Curacao, 14 km east of the coral collection site was 
recorded daily between March 1999 and September 2000 by an in situ Onset 
HOBO TidbiT v2 temperature logger deployed at 5 m depth. On average the 
OISST values are 0.02 ˚C cooler than those of the logger. The correlation 
coefficient between monthly averaged logger temperature and OISST for this 
location is 0.99, a student t-test and an f-test indicate that their means and 
variances respectively, are statistically indistinguishable. Therefore we used 
OISST for the local gridbox to estimate temperature at the Curacao coral 
collection site during the time period over which the skeleton was analyzed 
(2012-2013). 
Bihourly water temperature was measured at Buck Island National 
Monument, St Croix, 8 km away from the coral STX-OA-001 collection site 
between January 1992 and January 2007 by a Ryan TempMentor 1.0 at a depth 
of 10 m [Saenger et al., 2008]. As these temperatures were statistically 
indistinguishable from OISST from the gridbox containing St Croix [Saenger et 
al., 2008], we used OISST to estimate temperature at the St Croix collection site 
during the time period over which the skeleton was analyzed (1995-2000).  
OISST from Yucatan is in good agreement with average monthly SST 
recorded at a site within the Puerto Morelos lagoon [Rodríguez-Martínez et al., 
2010; Gonneea, 2014] and we used OISST to estimate temperature at the 
collection site.  
SST at Mona Island, Puerto Rico was recorded daily between 2009 and 
2014 by three in situ Onset Stowaway XTI temperature data loggers within 500 
m of the PR-OF-001 core location at 12 and 13 m depth. We compared monthly 
averaged logger data to OISST values for the 1˚x1˚ grid box containing Mona 
Island. The average difference between temperature from each of the three 
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loggers and OISST is 0.10 ˚C or less. The correlation coefficients between loggers 
and OISST are larger than 0.98, student t-tests indicate that their means are 
statistically indistinguishable, and f-tests indicate that their variances are 
statistically indistinguishable. Therefore we used OISST for the local grid box to 
estimate temperature at the Mona Island coral collection site. 
SST at Pacora Island, Panama was recorded hourly from May 2001 to 
March 2002 by an Onset TidbiT temperature data logger deployed at 7 m depth. 
Its average water temperature is 0.4 ˚C lower than OISST from the local grid 
box, so we use logger temperature as the most accurate estimate of water 
temperature at the coral location. As the logger record is missing the month of 
April we use OISST from the local grid box for that month in our calculation of 
average SST at this site.  
Logger data are not available for the Canales Norte Panama site so we 
used monthly OISST temperature as a best estimate for water temperature. 
Temperature data available for La Parguera, Puerto Rico are based upon bucket 
measurements made at the dock and are warmer than temperatures at the reef 
location where the coral colony grew. Instead, OISST temperatures are used for 
La Parguera and Mona Island, located in the same OISST 1˚x1˚ grid box. 
 
3.3.5. Estimating the temperature range over which coral 
growth occurs:  
Alizarin Red S stainlines emplaced in the Bermuda corals were used to constrain 
seasonality of skeletal growth and estimate the average temperature over which 
growth occurs. With the exception of Bermuda, all corals used in this study are 
from low latitude sites (≤22˚) that experience low amplitude seasonal 
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temperature (<6 ˚C) cycles. These sites are characterized by a combination of 
low amplitude light cycles and a high amount of annual incoming solar energy. 
Thus we proceeded under the assumption that these corals accrete skeleton 
throughout the year and we used the mean annual recorded temperature as the 
mean annual growth temperature. However, at 32 ˚N, Bermuda experiences 
large seasonality in temperature and light, and independent evidence suggests 
that coral calcification rates on Bermuda vary by more than a factor of three 
between summer maxima and winter minima [Cohen et al., 2004; Venti et al., 
2014].  
Both Bermuda corals analyzed in this study were stained three times 
(06/02/2000, 09/24/2000, and 01/24/2001) over the course of one year and 
harvested one year after the first staining (06/01/2001), such that the surface 
marks a fourth time point [Cohen et al., 2004]. However, the O. franksii coral 
(BER-OF-001) captured only two of three stainlines; the mid-January stainline 
(01/24/2001) was missing completely, indicating lack of growth during the 
coolest period of the year. To accurately estimate the temperature over which 
BER-OF-001 skeletal growth occurred, we measured the distances between stains 
along the thecal growth axis, using a Nikon SMZ1500 microscope (See Figure B5 
and Cohen et al. [2004] Figure 3-4). We then weighted the OISST monthly 
temperature according to the proportions indicated by the stain lines using a 
code in MATLABTM designed to minimize the month-to-month difference in 
growth rate. We estimate that the average growth temperature of BER-OF-001 
was 25.12 ˚C, 1.97 ˚C warmer than the average annual temperature at this site 
(Figure B8).  
 
3.3.6 Temperature reanalysis product 
	   76	  
To assess the fidelity of the long SST timeseries constructed from the Sr-U 
thermometer, we compared the two long Sr-U-derived SST records from Puerto 
Rico with the National Oceanic and Atmospheric Administration’s (NOAA’s) 
Extended Reconstructed Sea Surface Temperature (ERSST v.3b) product [Smith 
et al., 2008]. ERSST uses global spatial correlation scales identified in satellite 
data available since 1981. These are combined with spatially and temporally 
discontinuous observations prior to the satellite era to generate a globally 
complete gridded dataset extending from 1854 to present. Although the corals 
were collected on reefs 100 km apart, both collection locations fall within the 
same grid box so we compare both coral Sr-U-derived SST records to the same 
ERSST timeseries. We used the same timeseries to assess the Sr/Ca records from 
the two corals. 
 
3.3.7 Calculation of Sr-U 
“Sr-U” is a geochemical quantity determined by the relationship of Sr/Ca and 
U/Ca values in coral skeleton, as defined by DeCarlo et al. [2016]. Combining 
multiple element/Ca values accounts for the effects of Rayleigh fractionation and 
the resulting Sr-U value reflects water temperature. We calculated Sr-U 
according to the expression in DeCarlo et al. [2016]: 
               𝑆𝑟𝑈   = 𝑓 𝑈 𝐶𝑎   ;   𝑈 𝐶𝑎 = 1.1  𝜇𝑚𝑜𝑙/𝑚𝑜𝑙         (Eq.3-1) 
where 𝑓 𝑈 𝐶𝑎  is the slope and intercept resulting from ordinary least squares 
regression of Sr/Ca on U/Ca for a given time period examined on a given coral 
colony, evaluated at U/Ca of 1.1 µmol/mol (Figure 3-2A, Table 3-1). Since a 
distribution of Sr/Ca and U/Ca values is needed to determine their relationship 𝑓 𝑈 𝐶𝑎 , Sr/Ca and U/Ca data spanning several years are required to generate a 
single Sr-U value, thus there is an upper limit to the temporal resolution of SST 
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reconstructions using Sr-U. The possible temporal resolution is typically better 
where SST variability, and hence geochemical variability, is seasonal rather than 
inter-annual since a greater range in Sr/C and U/Ca is captured over a shorter 
time span. 
We applied the spatial Sr-U and Sr/Ca calibrations (Eq.3-2 and 3-3) to 
generate inter-annually-resolved multi-decade long SST records from two O. 
faveolata corals collected on Mona Island (PR-OA-001 spanning 1897-2011) and 
Pinacles Reef (PR-OA-002, spanning 1951-1991), Puerto Rico. Neither coral was 
used to construct the calibrations. First we calculated an Sr-U value for a 3-year 
period, or “bin,” at the top of PR-OA-001 spanning the period 2008-2011 and 
centered at 2009.5. Then we calculated another Sr-U value for the 3-year period 
beginning 1.5 years before the beginning of the top bin, now spanning 2006.5-
2009.5 and centered at 2008. We continued to shift the beginning of each bin 
back in time by 1.5 years to create a timeseries of Sr-U values with nominal 
resolution of 1.5 years (Figure 3-3A). We repeated this for coral PR-OA-002. We 
also generated Sr/Ca timeseries, averaging Sr/Ca values for each core over the 
same bins used to calculate Sr-U values.  
 
3.3.7 Statistics 
Throughout this paper we use the ordinary least squares method for regression 
and the ANOVA function in MATLAB to compare trend slopes. We use a 95% 
confidence level (α=0.05) for statistical significance and uncertainty is reported 
as ±1σ.  
 
3.4 Results 
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3.4.1 Spatial Calibration: 
In Figure 3-2A, Sr-U for each coral analyzed for the spatial calibration is plotted 
against the average annual growth temperature for each coral. The original 
Porites data [DeCarlo et al., 2016] are included. The correlation between Sr-U of 
multiple coral species and temperature is highly significant over the temperature 
range 23.2 to 30.1 ˚C (R=-0.96, P<0.01, n=19, Figure 3-2A, Table 3-1).  
We derived an expression relating Sr-U to mean annual growth 
temperature, using ordinary least squares to regress temperature on Sr-U: 
                           𝑇!"#   = −11± 1(𝑆𝑟𝑈 − 9)+ (28.0± 0.1)                 (Eq.3-2) 
where Sr-U the value resulting from Eq.3-1 and 𝑇!"#  is the resulting derived 
temperature. The standard error of prediction of this regression is 0.6 ˚C (1σ, 
n=19). This expression derived using corals from five genera distributed in both 
the Pacific and Atlantic oceans is statistically indistinguishable from that of 
DeCarlo et al. [2016] derived using only Pacific Porites corals.  
The average Sr/Ca ratio of each coral, over the same time period, is 
shown in Figure 3-2B, also against average annual growth temperature. We also 
derived an expression relating mean Sr/Ca to mean annual growth temperature 
using ordinary least squares: 
                     𝑇!"/!"   = −8± 2(𝑆𝑟𝐶𝑎)+ 102± 17                      (Eq.3-3) 
where 𝑆𝑟/𝐶𝑎  is mean Sr/Ca in mmol/mol and 𝑇!"/!"  is the resulting derived 
temperature (R=-0.76, P<0.01, n=19). The mean standard error of prediction of 
this regression is 1.4 ˚C (1σ, n=19). 
3.4.2 Verification 
 We withheld a second P. damicornis colony (PAN-PD-017) from the 
extended spatial calibration and used it to validate the calibration. Estimated 
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mean temperature from this second colony is 0.7 ˚C cooler than in situ 
temperature logger data (Figure 3-4), just outside the 1σ of the standard error of 
prediction for the Sr-U thermometer.  
3.4.3 Timeseries 
Application of the spatial Sr-U to SST calibration to two O. faveolata 
corals that were excluded from the calibration captured absolute SST, multi-
decadal variability and the 20th century warming trend. The mean difference 
between PR-OF-001 Sr-U derived SST and ERSST over the full time period of 
the record is 0.31 ˚C and Sr-U derived SST accurately captures the 20th century 
warming trend of 0.06 ˚C/decade, which is statistically indistinguishable from 
that in the ERSST reanalysis product [Smith et al., 2008] over the same time 
period (Table 3-2). The Sr-U derived SST from PR-OF-001 also captures the 
timing of interannual variability evident in the instrumental record (R=0.62, 
p<0.01, n=62) but overestimates the amplitude, by 0.3 ˚C on average (Figure 3-
3A). In situ logger temperature records from the coral sampling site on Mona 
Island, albeit of short duration, are consistent with satellite SST. Therefore, we 
assume the satellite SST accurately represents in situ SST and it is the coral that 
overestimates the actual SST variability on inter-annual timescales. 98% of 
individual Sr-U values from PR-OF-001 versus instrumental temperature fall 
within the 95% confidence interval of the calibration line (Figure 3-5A). 
Although these data predict the same mean temperature as the calibration, the 
timeseries data form a trend with a shallower slope, such that warm 
temperatures have slightly lower Sr-U values and cold temperatures have slightly 
higher Sr-U values. Using the calibration line therefore overestimates both 
warming and cooling. (Figure 3-3A). We hypothesize that because the Sr-U to 
SST calibration is derived from time series of Sr/Ca and U/Ca as long as 12 
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years accurate reconstruction of variability on ≤ 3-year timescales is not yet 
possible with the calibration derived here. 
To test our hypothesis, we binned the Sr-U data from PR-OF-001 into 10-
year bins staggered by 5 years (Figure 3-5B), with nominal resolution of 5 years. 
On this multidecadal timescale, the derived temperatures accurately capture the 
amplitude of variability in ERSST. Variability in derived and instrumental 
temperatures remains highly correlated but the mean difference in amplitude is 
reduced to 0.2 ˚C (for 10-year bins, R=0.79, p<0.01, n=17, Figure 3-5B and 
5C).  
Sr-U derived SST from PR-OF-001 and PR-OF-002 is in good agreement 
for the overlapping time period (1951-1991), differing on average by 0.4 ˚C 
(Figure 3-3A). The two timeseries are also significantly correlated (R=0.71, 
p<0.01, n=24, Figure 3-6).  
Conversely, Sr/Ca does not correlate with OISST for either coral on 
seasonal, annual, 3-year, or 5-year time-scales and we were therefore unable to 
construct an Sr/Ca-SST calibration at either site. Thus, we took the same 
approach with Sr/Ca as we did with Sr-U, applying the spatial Sr/Ca-SST 
calibration (Eq.3-3) to the downcore Sr/Ca record from the same O. faveolata 
colonies (Figure 3-3B). We compared the Sr/Ca-derived SST records from each 
coral with the ERSST reanalysis product. Contemporaneous Sr/Ca values from 
the two colonies are not correlated (R=-0.20, P=0.35, n=24, Figure 3-6) and 
differ on average by 0.10 mmol/mol, an equivalent of 0.8 ˚C. The mean Sr/Ca 
derived temperature from PR-OF-001 is 1.9 ˚C cooler than ERSST and the 
mean Sr/Ca derived temperature from PR-OF-002 is 2.1 ˚C cooler than ERSST. 
The PR-OF-001 Sr/Ca record fails to capture the 20th century warming trend 
but instead shows a cooling trend (not statistically significant, Table 3-2). The 
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absence of a warming trend and underestimated temperatures hold when bin size 
is increased to 5 years (Figure 3-5C). 
Typically, temporal, not spatial calibrations are applied to reconstruct 
SST from Sr/Ca. As noted, the absence of a strong correlation between Sr/Ca 
and ERSST precluded deriving local calibrations at these sites, consistent with 
previous work from a nearby coral core [Kilbourne et al., 2008; 2010]. Many 
temporal Sr/Ca-SST calibrations exist for Caribbean Orbicella spp. including one 
derived from stained colonies using in situ logged temperatures [Swart et al., 
2002], and which was previously used to reconstruct SST near Puerto Rico 
[Kilbourne et al., 2008; 2010]. We applied this and other calibration equations 
from the Caribbean [Saenger et al., 2008] to the Sr/Ca timeseries from PR-OF-
001 (Figure 7). Regardless of calibration, none of the SST reconstructions derived 
using only Sr/Ca accurately estimate mean SST or capture the 20th century 
warming trend (Table 3-2); in fact derived temperatures using the other 
calibrations underestimate mean SST even more than using the spatial 
calibration.   
 
3.5 Discussion and outlook 
Extending the short instrumental record of SST across space and back in time is 
a high priority for paleoceanographic studies. The skeletons of annually banded, 
long-lived corals are ideal archives of oceanographic variability, capable of 
recording information at sub-seasonal resolution, continuously for many 
centuries, and fossil corals can be accurately dated with U-series. Single element 
ratio thermometers, including Sr/Ca, have been applied to corals with mixed 
success, largely due to the distortion of the temperature-dependence of 
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element/Ca by “vital effects.”  In response to the recognition that “vital effects” 
limit the interpretation of paleoclimate records, new thermometers based on 
fundamental understanding of element partitioning and coral biomineralization 
processes, have been proposed, including Li/Mg [Montagna et al., 2014], RBME 
[Cohen and Gaetani, 2010; Gaetani et al., 2011] and Sr-U [DeCarlo et al., 2016].   
This study focused on expanding and applying the Sr-U thermometer 
across space and coral genera, and through time. We expanded the initial 
Porites-only Sr-U to SST calibration to include multiple Pacific and Atlantic 
coral genera that are commonly used in paleo-climate reconstructions, and used 
the multi-genera spatial calibration to test the ability of Sr-U to capture mean 
SST, multi-decadal variability and century-long trends in two corals from the 
tropical Atlantic.  
Our results show that Sr-U of multiple coral genera (Porites, Siderastrea, 
Diploria, Orbicella, Pocillopora), calculated from seasonally-resolved Sr/Ca and 
U/Ca data generated for each coral over several consecutive years, correlates 
with the mean SST of the same interval, over a temperature range spanning 23.2-
30.1 ˚C (R=-0.96, P<0.01, n=19, 1σ=0.6 ˚C, Figure 3-2A, Table 3-1). In 
Bermuda corals that exhibit strongly seasonal growth or no growth for part of 
the year, Sr-U correlates with the estimated temperature over which growth 
occurs. There is a strong possibility that the difference we observed between 
mean annual temperature and mean growth temperature will have to be 
considered when conducting Sr-U thermometry using corals from other high 
latitude reef sites.  
Application of the multi-genera spatial calibration to Sr-U timeseries from 
two O. faveolata corals from Puerto Rico that were not included in the 
calibration (Figure 3-3A) accurately capture mean SST over the full length of 
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each record to within 0.5 ˚C, as well as the 20th century warming trend and 
timing of inter-annual variability. Further development of Sr-U thermometry will 
focus on increasing the temporal resolution over which SST can be derived, 
currently estimated to be 5 years. Nevertheless, despite this current limitation, 
our results show that Sr-U thermometry accurately captures much of the 
information needed for interpretation of climate variability and change: absolute 
SST, decadal variability and long-term trends. Further, Sr-U derived SST is a 
marked improvement over Sr/Ca-derived SSTs, which at our sites failed to 
capture the 20th century warming trend and were 1.9-2.1 ˚C colder than 
observed.  
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3.8 Figures and tables  
Figure 3-1. Map of 1981-2015 mean OISST [Reynolds et al., 2002] showing 
locations of corals used in this study. Circles represent Porites sp., triangles 
represent Orbicella sp., squares represent Diploria labyrinthiformis, the diamond 
represents a Siderastrea siderea, and the star represents two Pocillopora 
damicornis colonies. Porites sp. were previously published in DeCarlo et al., 
[2016], all others are new to this study.  
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Figure 3-2. A) Regression of coral Sr-U onto average temperature. 
Temperatures for Bermuda corals are adjusted to reflect temperature over which 
growth occurs. Horizontal error bars represent the error on each Sr-U (1σ) value, 
i.e., the uncertainty of Sr/Ca at U/Ca=1.1 µmol/mol for a given coral. Shading 
indicates the 95% confidence interval for the regression. 1σ propagated 
uncertainty of prediction for reconstructed temperatures is 0.7˚C, 1σ standard 
error of prediction is 0.6˚C.  
B) Regression of mean Sr/Ca onto average temperature. Temperatures for 
Bermuda corals are adjusted to reflect temperature over which growth occurs. 
Horizontal error bars represent the standard error of the mean Sr/Ca (1σ) for 
each coral based upon an analytical error of 0.035 mmol/mol. Shading indicates 
the 95% confidence interval for the regression. 1σ standard error of prediction is 
1.4˚C. 
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Figure 3-3. A) Temperatures derived using the spatial Sr-U calibration shown 
in Figure 3-2A: timeseries from O. faveolata PR-OF-001 (red) and PR-OF-002 
(purple) from Puerto Rico are plotted with ERSST (black) [Smith et al., 2008] 
and OISST (orange) [Reynolds et al., 2002]. Data are in 3-year bins staggered by 
1.5 years. Shading indicates the standard error of prediction (1σ). PR-OF-001 Sr-
U derived temperatures are significantly correlated with ERSST (R=0.62, 
p<0.01, n=62) and trends for PR-OF-001 and ERSST over the 20th century are 
statistically indistinguishable (shown in respective colors). Contemporaneous Sr-
U derived temperatures from the two cores average 0.4˚C apart and are 
significantly correlated (R=0.71, p<0.01, n=24). The difference in mean between 
PR-OF-001 Sr-U derived temperatures and ERSST over the 20th century is 
<0.3˚C. When the spatial Sr-U regression is applied to PR-OF-002, the 
difference between PR-OF-002 mean derived temperatures and ERSST is 0.3˚C. 
B) Temperatures derived from the same two O. faveolata corals using the spatial 
Sr/Ca calibration (Figure 3-2B): PR-OF-001 (green) and PR-OF-002 (brown). 
Shading indicates the analytical standard error of the mean (1σ). There is no 
trend in PR-OF-001 derived temperatures over the 20th century. Seasonal, 
annual, 3-year mean, and 5-year mean Sr/Ca does not correlate with OISST for 
either core. The mean difference between PR-OF-001 Sr/Ca derived temperatures 
and ERSST over the 20th century is 1.9˚C. When the spatial Sr/Ca regression is 
applied to PR-OF-002, the mean difference between PR-OF-002 derived 
temperatures and ERSST is 2.1˚C. 
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Figure 3-4. In gray, Sr-U derived temperatures for all corals in extended spatial 
calibration plotted against average growth temperature. In orange, Panama P. 
damicornis PAN-PD-017 used for calibration verification. PAN-PD-017 estimated 
temperature is 0.7˚C cooler than in situ logger measured temperature, within 1σ 
of the standard error of prediction for the Sr-U thermometer.  
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Figure 3-5. A) In blue, Sr-U values from Puerto Rico O. faveolata PR-OF-001 
in 3-year bins plotted against 20th century ERSST [Smith et al., 2008] (R=-0.62, 
p<0.01, n=62), along with spatial regression of modern Sr-U values on mean 
growth temperature shown in Figure 3-2A. Shading indicates the 95% confidence 
interval for the regression. 1σ propagated uncertainty of prediction for PR-OF-
001 derived temperatures is 0.6˚C. B) Same as A) but Sr-U values from PR-OF-
001 are in 10-year bins (R=0.79, p<0.01, n=17). 1σ propagated uncertainty of 
prediction for PR-OF-001 derived temperatures is 0.3˚C. C) Temperatures 
derived using the spatial calibration applied to 10-yr binned Sr-U values: 
timeseries from O. faveolata PR-OF-001 (blue) and PR-OF-002 (orange) are 
plotted with ERSST (black) [Smith et al., 2008]. Shading indicates the standard 
error of prediction (1σ). Temperatures derived using the Sr/Ca spatial regression 
are shown in pink for PR-OF-001 and green for PR-OF-002. The difference 
between mean Sr-U derived temperatures and mean ERSST is 0.3˚C for both 
PR-OF-001 and PR-OF-002. The slope of the in Sr-U derived SSTs from PR-OF-
001 over the 20th century is positive and indistinguishable from ERSST. There is 
no significant trend in Sr/Ca derived SST. 
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Figure 3-6. In pink, Sr-U values from O. faveolata PR-OF-001 are plotted with 
contemporaneous Sr-U values from O. faveolata PR-OF-002, both from Puerto 
Rico (R=0.71, p<0.01, n=24). Contemporaneous mean Sr/Ca values from the 
same two corals are plotted in blue and are not significantly correlated (R=-0.20, 
p=0.35, n=24).  
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Figure 3-7: ERSST (black) [Smith et al., 2008] and OISST (orange) [Reynolds 
et al., 2002] compated to Sr-U (red and grey) and Sr/Ca (cyan and green) 
temperature estimates from O. faveolata PR-OF-001 and PR-OF-002 from 
Puerto Rico derived using the spatial Sr-U and Sr/Ca calibrations (Figures 3-2A 
and 3-2B, respectively). Also shown are temperatures derived using published 
Sr/Ca calibrations with and without incorporating mean annual extension rate 
[Saenger et al., 2008].  Data are in 3-year bins, 1900-1996 trends are marked, and 
1σ uncertainties on estimated temperatures are indicated by the vertical bars at 
right. Only Sr-U derived SSTs accurately estimate mean temperatures and 
replicate the instrumental warming trend. Sr/Ca derived temperatures using 
other published calibrations [Swart et al., 2002; Kibourne et al., 2008] 
underestimate mean SST more than the Saenger et al. [2008] 
calibrations.  Table 3-1: Coral collection and geochemical information 
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Chapter 4 
 
Modest Little Ice Age cooling of the 
Western Tropical Atlantic 
 
 
4.1 Abstract 
 
Proxy evidence indicates that the high latitude Northern Hemisphere was up to 
1-2˚C cooler during the Little Ice Age (LIA; 1450-1850) than the mid-20th 
century. Conversely, records from the western tropical Atlantic (WTA) are 
inconsistent, ranging from 0 to -4˚C. The colder end of these estimates is 
inconsistent with model predictions of higher sensitivity to external forcing at 
high latitudes than the tropics. Here we apply a novel coral thermometer, Sr-U, 
to estimate sea surface temperatures (SSTs) in the WTA (Puerto Rico) during 
the early LIA. From 1465-1560, SSTs were 1.1 ˚C cooler than the mid-20th 
century mean reconstructed SST but within error of early 20th century SST prior 
to anthropogenic warming of the WTA. However, our data suggest that the early 
LIA was not chronically cold. Rather, strong multidecadal variability is apparent 
as are short intervals of warmth comparable to late the 20th century.  
 
4.2 Introduction 
Paleoclimate records spanning the past millennium suggest relatively warm 
temperatures from 950 to 1250CE during the so-called the Medieval Climate 
Anomaly (MCA), compared to the later period known as the Little Ice Age (LIA; 
1450 to 1850CE) [Masson-Delmotte et al., 2013]. There is emerging consensus 
that frequent and strong volcanic activity was an important forcing of the MCA-
LIA transition, and that solar variability also played a role [Crowley, 2000; Jones 
and Mann, 2004; Masson-Delmotte et al., 2013; Schleussner and Feulner, 2013; 
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McGregor et al., 2015; Tierney et al., 2015]. A role for the Atlantic Meridional 
Overturning Circulation (AMOC) in amplifying the external forcing via feedback 
mechanisms, has been suggested [Broecker, 2000; Swingedouw et al., 2011; Park 
and Latif, 2012], and both proxy and modeling studies implicate a weakened 
AMOC in sustaining LIA cooling [Broecker, 2000; Lund et al., 2006; Wanamaker 
et al., 2012; Knudsen et al., 2014]. Evidence of a southward shift of the 
Intertropical Convergence Zone (ITCZ; e.g., Schneider et al. [2014] and references 
therein) during the LIA indicates reduced transport of heat between hemispheres, 
as expected during an AMOC reduction. Multidecadal variability within the LIA 
has also been attributed to volcanic and solar forcing [Gray et al., 2004; Mann et 
al., 2009; Otterå et al., 2010; Knudsen et al., 2011], as well as internal variability 
[Delworth and Mann, 2000; Jungclaus et al., 2005; Knight et al., 2005]. 
 Tree ring and ice core records constrain cooling of Northern high latitude 
surface air temperatures (SATs) during the LIA to 1-2 ˚C relative to the mid-
20th century [Overpeck et al., 1997; Fischer et al., 1998; Marcott et al., 2013]. 
Based on global climate models [Holland and Bitz, 2003] and 20th century 
observations [Johannessen et al., 2004] low latitude temperatures are expected to 
be less sensitive, i.e., less cooling in the LIA [Landrum et al., 2013]. The high 
resolution and low-latitude location of coral-based geochemical records makes 
them uniquely suited to address uncertainties in LIA SST and climate processes. 
However a study of Sr/Ca and δ18O coral proxy records found no skill in their 
reconstructions of western tropical Atlantic SST trends [Tierney et al., 2015]. 
Further, Sr/Ca-based SSTs for the WTA LIA are inconsistent, and range from 
no cooling to as much as 4 ˚C cooler than today [Haase-Schramm et al., 2003; 
Saenger et al., 2008; 2009b; Kilbourne et al., 2010; DeLong et al., 2014]. The 
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colder end of these estimates is comparable to or larger than estimates for the 
Last Glacial Maximum (LGM) cooling [Waelbroeck et al., 2009].  
 We used a novel coral paleothermometer, Sr-U [DeCarlo et al., 2016; 
Alpert et al., in review] to reconstruct SST during the earliest part of the LIA at 
Pinacles Reef, southwestern Puerto Rico. Pinacles Reef is geographically well-
placed to capture larger scale Caribbean temperature variability (Figure 4-1). 5 
year low-pass filtered NOAA Extended Reconstructed SST (ERSST v3b) [Smith 
et al., 2008] from the gridbox centered on Pinacles Reef is significantly correlated 
with SST in the entire Caribbean Sea (Figure 4-1), showing that our study site 
correlates broadly across the WTA. SST at the site is positively correlated 
(R=0.59, P<0.001) with the Atlantic Multidecadal Oscillation (AMO) a 
prominent mode of SST variability that characterizes low frequency North 
Atlantic variability in the instrumental era [Schlesinger and Ramankutty, 1994; 
Enfield et al., 2001].  
The Sr-U thermometer uses U/Ca to account for “vital effects” on coral 
Sr/Ca that are linked to fluctuations in the carbonate ion concentration [CO32-] 
of the coral’s calcifying fluid. Aragonite U/Ca is related to calcifying fluid [CO32-] 
[DeCarlo et al., 2016] and when used in combination with Sr/Ca, effectively 
corrects for the “vital effect” and significantly increases both the accuracy and 
precision of the derived SSTs [DeCarlo et al., 2016; Alpert et al., in review]. Our 
Sr-U derived SST record, albeit discontinuous due to diagenesis, provides new 
insight into both the magnitude of centennial scale LIA cooling in the WTA and 
the amplitude of multidecadal variability.  
 
4.3 Material and Methods 
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An Orbicella faveolata colony called E1P was collected in 1994 at 7 m 
depth at Pinacles reef, Puerto Rico (Figure 4-1) [Watanabe et al., 2002, Winter 
and Sammarco 2010]. U/Th dates indicate that the E1P coral colony died in 
~1670 [Kilbourne et al., 2010] (all dates reported are Common Era, CE). Mg/Ca 
and δ18O data from E1P are reported in Watanabe et al. [2002] and short sections 
of Sr/Ca data in Kilbourne et al. [2010]. 
E1P was previously X-rayed and slabbed (see Kilbourne et al. [2008], 
Figure 1). All slabs were separately ultrasonicated in deionized water to remove 
coral dust. 50-80 µg coral powder was milled at 1 mm intervals using a Minicraft 
MB170 drill with a diamond bit. E1P Sr/Ca is identical to previous values 
reported by Kilbourne et al. [2010] in 3 of 4 windows (Figure C-1). As described 
in Kilbourne et al. [2010], several sections of diagenesis and borings are visible in 
E1P to the naked eye and in X-ray images as abnormally dense areas of skeleton. 
These sections were avoided and SEM imaging did not reveal any diagenesis in 
the sampled sections (Figure C-2). 
Counts of 88Sr and 48Ca were collected on two single-collector Element2 
inductively coupled plasma mass spectrometers at WHOI. Sr/Ca ratios were 
determined by calibration to published standards derived from coral skeleton 
(JCp-1) [Okai et al., 2002; Hathorne et al., 2013], fish otoliths (FEBS-1, NIES) 
[Yoshinaga et al., 2000; Sturgeon, 2005], and limestone (NBS-1) [Fernandez et al., 
2011]. The JCp-1 standard has a Sr/Ca ratio (8.838 ± 0.042 mmol/mol) similar 
to coral samples (8.8 – 9.7 mmol/mol), whereas Sr/Ca ratios of FEBS-1, NIES, 
and NBS-19 are all less than 3 mmol/mol. Repeated measurements of an in-house 
secondary coral standard indicate an external precision of ± 0.04 mmol/mol (1σ, 
n=274, 0.4% relative) for Sr/Ca and 0.02 µmol/mol for U/Ca (1σ, n=274, 
0.019% relative) and the instrument was stable throughout the study. 
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Uncertainty estimates take this analytical precision into account through 
calculation of the standard error of prediction. We measured the Sr/Ca ratio of 
JCp-1 by calibration to an independent set of standards as 8.870 ± 0.028 
mmol/mol [Alpert et al., 2016], which is within uncertainty of the mean, and 
within the range of precision, reported from JCp-1 analyses conducted in 21 
different laboratories [Hathorne et al., 2013].  
U-Th dating of the bottom of core E1P performed by Kilbourne et al. 
[2010] indicates an age of 1462 ± 5 years. The age model is based upon counting 
annual bands from this date and agrees with that of Kilbourne et al. [2010]. Age 
control for a discontinuous section is based upon counting annual bands from a 
U/Th date of 1446 ± 4 years. 
Sr-U was calculated according to the expression in DeCarlo et al. [2016]: 
        Sr-U = 𝑓 𝑈 𝐶𝑎 ;   𝑈 𝐶𝑎 = 1.1  𝜇𝑚𝑜𝑙/𝑚𝑜𝑙         (Eq.4-1) 
where f(U/Ca) is the slope and intercept resulting from ordinary least squares 
regression of Sr/Ca on U/Ca for a given coral colony or time period, evaluated at 
U/Ca of 1.1 µmol/mol. We calculated Sr-U values both for 3-year bins offset by 
1.5 years, and for 10-year bins offset by 5 years. Alpert et al. [in review] found 
that reconstructing SST based on Sr-U values at 3-year resolution overestimated 
point-to-point variability while 10-year resolution did not. We reconstructed SST 
at 10-year resolution using the Sr-U to SST spatial calibration described in 
Alpert et al. [in review]: 
 𝑇!   = −11± 1(𝑆𝑟𝑈 − 9)+ 28.0± 0.1                       
(Eq.4-2) 
where Sr-U is the value resulting from Eq.4-1 and 𝑇! is the resulting derived 
temperature. The standard error of prediction for reconstructed temperatures is 
0.6 ˚C (1σ, n=19) [Alpert et al., in review]. 
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 To derive Sr/Ca-SSTs, we used a regression equation from Kilbourne et al. 
[2008] based upon a calibration between SSTs and Sr/Ca in the top (modern 
section) of the core. We applied this to mean Sr/Ca for the same bins used for 
Sr-U values, in E1P as well as PR-OF-001, PR-OF-002, and the 20th century 
data from the core containing E1P published in Kilbourne et al. [2008]. 
Uncertainty is reported as ±1σ unless indicated otherwise.  
 
4.4 Results  
The Sr-U record from E1P spans 1445-1674, disrupted by gaps where 
diagenesis, identified in X-ray, precluded subsampling and analysis of skeleton. 
At Pinacles, each absolute SST value is estimated from 10 years of Sr-U data 
[Alpert et al., in review]. Figure 4-2 presents our raw Sr-U record derived from 3-
year bins of Sr/Ca and U/Ca data (top) offset by 1.5 years and our Sr-U derived 
SST record, reconstructed from 10-year bins of data offset by 5 years (bottom). 
Data from E1P are compared with Sr-U and Sr-U derived SSTs from modern 
Puerto Rico corals from Mona island and Pinacles Reef, and the instrumental 
record of SST (Figure 4-2, black line). 
The mean SST derived from the modern Pinacles coral is within 0.2 ˚C of 
ERSST [Smith et al., 2008] (Figure 4-2, bottom curve). Over the longest 
continuous section of E1P, spanning 1465-1560, reconstructed temperatures yield 
a mean cooling of 1.1 ± 0.6 ˚C relative to the 1958-1988 mean Sr-U derived SST 
from the modern Pinacles Reef  coral [Alpert et al., in review]. We estimated 
SSTs at Pinacles based upon mean Sr-U reconstructed SSTs at Mona Island, 
Puerto Rico over 1899-1919 and the 0.13 ˚C warmer mean of Sr-U reconstructed 
SSTs at Pinacles than Mona over the two records’ overlapping time period. We 
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estimate that Pinacles SSTs were 0.7˚C cooler in the early 20th century than 
over the 1958-1988 period. This results in a 0.4 ˚C difference between the 1465-
1560 mean SST and early 20th century SST. With an error of 0.6 ˚C for both 
20th century and LIA reconstructed SSTs, the two periods are within error of 
each other. All but one of the reconstructed SSTs over the discontinuous record 
spanning 1446 to 1638 are within error of the estimated early 20th century SST.  
Multidecadal SST variability is evident in the record. Within the longest 
continuous section of the record, a single multidecadal cycle spans the 70-year 
period 1488 to 1558, with amplitude comparable to 20th century AMO variability 
as recorded by the Sr-U from the modern coral from Pinacles (Figure 4-2, top). 
We also observe a progressive cooling in the 1450s following the eruption of 
Kuwae [Gao et al., 2008] followed by a sharp SST rise. 
The Sr/Ca-derived SSTs from this coral suggest a much larger mean 
cooling, of 3.9˚C, during the LIA relative to the top of core (Figure 4-3) 
[Kilbourne et al., 2008; 2010]. Multidecadal variability in the Sr/Ca record is in 
phase with that in the Sr-U record but the amplitude of variability is 4˚C, larger 
than variability in Sr-U derived SST or ERSST in the 20th century. 
 
4.5 Discussion 
4.5.1. Little Ice Age cooling 
With continental configuration and orbital forcing virtually identical to that of 
today, the LIA presents an excellent opportunity to examine both the sensitivity 
of the tropics to external forcing and the characteristics and drivers of 
multidecadal SST variability in the WTA. The mean 1.1 ˚C cooling from 1465-
1560 at Pinacles, relative to 1958-1988, is comparable to or smaller than the 1-2 
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˚C LIA cooling of northern high latitude SAT documented by proxy [Overpeck 
et al., 1997; Fischer et al., 1998; Mann et al., 2009; Marcott et al., 2013] and 
historical records [Manley, 1974]. The Sr-U derived record at Pinacles does not 
support Sr/Ca based evidence [Kilbourne et al., 2010] of greater cooling in the 
tropical Atlantic than at high northern latitudes. Moreover, there is no 
significant difference between Pinacles reconstructed SSTs from the continuous 
LIA section 1465-1560 and those estimated for the early 20th century, prior to 
anthropogenic greenhouse gas forcing [Bindoff et al., 2013].  
Our results also provide insight into the reason for the wide range (0 to 4 
˚C) of WTA Sr/Ca-derived SST estimates for the LIA [Haase-Schramm et al., 
2003; Saenger et al., 2008; Saenger et al., 2009b; Kilbourne et al., 2010; DeLong 
et al., 2014]. Sr/Ca-derived 20th century SSTs from the two modern Puerto Rico 
corals are very different from each other, both in mean and trend. Depending on 
which of two modern Puerto Rico corals [Alpert et al., in review] are used as a 
modern day reference point, Sr/Ca may indicate almost no cooling during the 
LIA or up to 3.9 ˚C cooling (Figure 4-3). Conversely, cooling inferred from Sr-U 
is the same regardless of which modern coral is used for comparison. Since Sr-U 
derived SST from both the Puerto Rico sites is consistent with ERSST (Figure 4-
3), disagreements in Sr/Ca between individuals are likely due to offsets in Sr/Ca 
associated with vital effects [De villiers et al., 1995; Cohen et al., 2002; Goodkin 
et al., 2005; Linsley et al., 2006; Cahyarini et al., 2009; Pfeiffer et al., 2009; 
Alpert et al., 2016]. Pinacles Sr-U derived SST agrees better with estimates 
derived from Sr/Ca regressions incorporating annual extension rate than Sr/Ca 
alone [Saenger et al., 2008; Kilbourne et al., 2010], indicating that in some corals, 
the “vital effects” that drive Sr/Ca distortions are also reflected in changes in 
growth rate. However, this is not always the case (e.g., Smith et al., [2006]).  
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The magnitude of cooling at Pinacles is comparable to maximum cooling 
estimated from foraminiferal Mg/Ca from the Cariaco Basin (Figure 4-4) [Black 
et al., 2007]. The coolest period of the Cariaco record occurs after the continuous 
section of the Pinacles record, underscoring both the importance of additional 
continuous records and the possibility that the coldest period of the LIA may not 
have been contemporaneous at all sites. The Pinacles record is largely within 
error of a tree ring-based compilation of northern hemisphere SAT [PAGES 2k 
Consortium, 2013], which along with the Cariaco record suggests modest LIA 
cooling relative to the late 20th century and minimal LIA cooling relative to the 
early 20th century (Figure 4-4). The degree of cooling at Pinacles agrees with 
polar amplification of temperature change observed in coupled climate model 
runs of the past [Landrum et al., 2013] and future [Pithan and Mauritsen, 2014], 
as well as with 20th century observations [Johannessen et al., 2004].  
 
4.5.2. Multidecadal variability 
A 30-year record of Sr-U derived SST from a modern Pinacles coral [Alpert et al., 
in review] accurately captures mean SST but reveals a larger amplitude of 
multidecadal variability than concurrent ERSST (Figure 4-2, bottom curve). The 
higher amplitude may reflect reef-scale (local) departures from ERSST but 
cannot be conclusively attributed without in situ temperature data.  
The single cycle of multidecadal variability from 1488 to 1558 is 
comparable in amplitude to 20th century multidecadal variability at Pinacles as 
recorded by the corals (Figure 4-2). However, the cold period of this cycle (1493-
1553) is significantly cooler (1.2-1.4˚C) than the 1958-1988 Pinacles 
temperatures (Figure 4-2, bottom curve). LIA multidecadal variability at 
Pinacles does not correspond to SST reconstructed from foraminiferal Mg/Ca in 
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the Cariaco Basin (Figure 4-4)  [Black et al., 2007]. However the Cariaco record 
is based upon radiocarbon dates with uncertainties of ± 50 years [Black, 1998] 
and disagreement could reflect age model differences.  
The 3-year resolution Sr-U record reveals a notable downturn in 
temperature (Figure 4-2, top curve) in the 1450s, corresponding, within timescale 
error, to the timing of one of the largest volcanic eruptions of the past 
millennium, Kuwae, in 1452 [Gao et al., 2008]. The SST record cannot resolve 
this progressive cooling, but the single SST point in the 1450s is the coldest in 
the record, and the only LIA SST significantly different from early 20th century 
estimated Pinacles SST. The abrupt cooling visible in the Sr-U record could 
reflect an initial response to the eruption on a 1-3 year timescale due to radiative 
backscatter by sulfate aerosol particles [Stenchikov et al., 1998; Robock, 2000]. A 
tree-ring based northern hemisphere SAT record reveals a reduction in 
temperatures concurrent with that of the coral proxy record (Figure 4-4). Note 
that considering the possible overestimate of 20th century variability by a modern 
Pinacles coral we are cautious in interpreting absolute SST on timescales of less 
than 30 years. 
 
4.6. Conclusions and future outlook 
 Pinacles LIA SST (1465-1560) was on mean 1.1 ˚C cooler than the 
1958-1988 mean Sr-U derived SST and ERSST at the same location, and within 
error of early 20th century estimated SSTs. In light of evidence that suggests that 
the tropics should be less sensitive than the high latitudes to external forcing, our 
results seem more reasonable than the 3.9 ˚C cooling derived from Sr/Ca of the 
same samples. The amplitude of multidecadal variability was comparable to the 
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20th century, and short intervals of warmth comparable to the late 20th century 
were present. Longer, continuous well-dated records are needed to further 
investigate low latitude SST response to volcanic and solar forcings. 
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4.9 Figures  
   
Figure 4-1: Map showing locations of modern Orbicella faveolata subfossil E1P 
[Watanabe et al., 2001; Kilbourne et al., 2008; 2010] and modern cores PR-OF-
001 and PR-OF-002 [Alpert et al., in review]. Colored shading corresponds to the 
correlation coefficient with 5 year low-pass filtered ERSST [Smith et al., 2008] 
from the gridbox containing the coral locations and black contours indicate mean 
ERSST, 1854-2010. Locations of other studies mentioned in this paper are 
marked by numbers: 1) Black et al., [2007]; 2) Saenger et al., [2008]; 3) Haase-
Schraam et al., [2003]; 4) DeLong et al., [2014]; 5) Lund et al., [2006]; 6) Saenger 
et al., [2009]. 
 
 
Figure'1'
1'
2'3'
4'5'6'
PR-OF-001
PR-OF-002
& E1P (subfossil)
	   120	  
Figure 4-2: Top curves: Sr-U values at 3-year resolution from Puerto Rico 
Pinacles subfossil coral E1P (pink) and in 20th century, Pinacles modern coral 
PR-OF-002 (dashed pink) Alpert et al., in review], and Puerto Rico Mona 
modern coral PR-OF-001 (purple) [Alpert et al., in review]. Shading represents ± 
1σ propagated uncertainty. Straight purple line indicates 20th century trend in 
PR-OF-001 Sr-U. Gray shaded boxes indicate Sporer and Maunder Minima in 
TSI [Hegerl et al., 2007], red dashed lines mark large volcanic eruptions [Gao et 
al., 2008]. The horizontal black dashed line represents estimated Pinacles SST in 
1900 based upon the 20th century trend in Mona modern coral PR-OF-001 
reconstructed SSTs.  
Bottom curves: Sr-U reconstructed SST from Puerto Rico Pinacles subfossil coral 
E1P at 10-year resolution (blue) expressed as anomalies from 1958-1988 mean 
reconstructed SST at Pinacles [Alpert et al., in review], which is within 0.25 ˚C 
of ERSST [Smith et al., 2008]. In 20th century, Sr-U reconstructed SST from 
Pinacles modern coral PR-OF-002 (blue). When fewer than 10 years of Sr-U data 
exist no SST is reconstructed and when a single bin exists from a discontinuous 
section, the estimate is plotted as a single point. Shading represents ± 1σ 
standard error of prediction (0.6 ˚C). Reconstructed SSTs from modern coral 
PR-OF-001 (green) are plotted along with the 20th trend, which is statistically 
identical to that of ERSST over the same period. Pinacles reconstructed SSTs 
from the continuous LIA section 1465-1560 are not statistically different from 
those estimated in 1900. 
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Figure 4-3: Sr-U reconstructed SST from Puerto Rico Pinacles subfossil coral 
E1P at 10-year resolution (blue) expressed as anomalies from the 1958-1988 mean 
[Alpert et al., in review]. In 20th century, Sr-U reconstructed SST from Pinacles 
modern coral PR-OF-002 (green) and Puerto Rico Mona modern coral PR-OF-
001 (blue). When fewer than 10 years of Sr-U data exist no SST is reconstructed 
and when a single bin exists from a discontinuous section, the estimate is plotted 
as a single point. Shading represents ± 1σ standard error of prediction (0.6 ˚C). 
The horizontal black dashed line represents estimated Pinacles SST in 1900 
based upon the 20th century trend in Mona modern coral PR-OF-001 
reconstructed SSTs. Sr/Ca reconstructed SST from Puerto Rico Pinacles 
subfossil coral E1P (pink) and Mona modern coral PR-OF-002 (orange) expressed 
as anomalies. Sr/Ca reconstructed SST from the top of E1P core reported in 
Kilbourne et al., [2008, 2010] plotted in pink. Shading represents ± 1σ 
uncertainty reported in Kilbourne et al., [2010] (1.1 ˚C). Sr/Ca reconstructed 
SST is estimated using the local Pinacles calibration Kilbourne et al., [2008] from 
the top of the core of which E1P is a part. ERSST [Smith et al., 2008] is plotted 
in black. 20th century trends are plotted in respective colors. Sr-U reconstructed 
SST trend from Mona modern coral PR-OF-002 is identical to that of ERSST, 
that of Sr/Ca reconstructed SST from Mona modern coral PR-OF-002 and the 
top of E1P are different.  
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Figure 4-4: Sr-U reconstructed SST from Puerto Rico Pinacles subfossil coral 
E1P at 10-year resolution (blue) expressed as anomalies from the 1958-1988 mean 
[Alpert et al., in review]. In 20th century, Sr-U reconstructed SST from Pinacles 
modern coral PR-OF-002 (green) and Puerto Rico Mona modern coral PR-OF-
001 (blue). When fewer than 10 years of Sr-U data exist no SST is reconstructed 
and when a single bin exists from a discontinuous section, the estimate is plotted 
as a single point. Shading represents ± 1σ standard error of prediction (0.6 ˚C). 
The horizontal black dashed line represents estimated Pinacles SST in 1900 
based upon the 20th century trend in Mona modern coral PR-OF-001 
reconstructed SSTs. SST reconstructed from foramineferal Mg/Ca from the 
Cariaco basin is plotted in orange [Black et al., 2007] and a northern hemisphere 
SAT record reconstructed from tree rings [PAGES 2k Consortium, 2013] is 
plotted in pink. Gray shaded boxes indicate Sporer and Maunder Minima in TSI 
[Hegerl et al., 2007], red dashed lines mark large volcanic eruptions [Gao et al., 
2008]. 
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Chapter 5  
Conclusions  
5.1 Thesis conclusions 
I have refined and applied geochemical methods in coral paleoceanography to 
reconstruct sea surface temperatures (SSTs) during several periods of the Little 
Ice Age (LIA; 1450-1850). The LIA was a period of widespread cooling and 
provides an excellent interval to examine climate sensitivity to reasonably well-
known external radiative forcings and characterize multidecadal variability. 
Questions remain regarding the amplitude of tropical SST cooling during the LIA 
and few records resolve multidecadal LIA SST variability.  
To accomplish my goal of reconstructing past SSTs I thoroughly 
investigated coral geochemical paleothermometers. I assessed the ability of a 
common coral SST proxy, Sr/Ca, to capture SST mean, trends, and interannual 
variability. I found intercolony inconsistencies that could only be attributed to 
“vital effects” associated with biologically mediated calcification process. I 
quantified the resulting uncertainty of temperatures reconstructed using the 
Sr/Ca paleothermometer as ± 2 ˚C, too large to reliably reconstruct SST trends 
or interannual variability. The Sr/Ca results demonstrate a clear need to account 
for “vital effects.” To address this source of uncertainty in Sr/Ca I temporally 
and spatially expanded and refined a new coral paleothermometer, Sr-U, that 
uses information from Sr/Ca and U/Ca to extract a temperature signal separate 
from variability associated with the calcification process. I showed that a single 
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Sr-U to SST relationship captures spatial SST variability in a wide range of coral 
genera, with an uncertainty of ± 0.6 ˚C. Applied to timeseries, Sr-U accurately 
captures mean SST, trend, and variability at a site in the western tropical 
Atlantic (WTA) and is replicable within error between two corals. Sr-U-derived 
SSTs consistently provide more accurate SST estimates than Sr/Ca-derived SSTs 
in the same cores, and also have smaller uncertainty. Unlike Sr/Ca, Sr-U does 
not require a local or genus-specific modern calibration and can be applied to 
reconstruct SST from subfossil corals with no modern section. Having a universal 
calibration greatly advances options for acquiring reliable paleotemperature 
estimates from coral geochemisty.  
I used Sr-U to reconstruct LIA SSTs in the WTA with unprecedented 
accuracy. Some previous Sr/Ca-derived estimates of WTA SST during the LIA 
suggest a larger degree of sensitivity to external forcing in the tropics than the 
high latitudes. Larger LIA cooling in the tropics is inconsistent with polar 
amplification of temperature change suggested by both observations of 20th 
century warming and simulations by global climate models (GCMs). Over the 
longest continuous section of the record, 1465 to 1560, I find a mean cooling of 
1.1 ˚C relative to the mid-20th century. The results reconcile paleoclimatic 
reconstructions with model and observational estimates of meridional gradients in 
temperature change. Reconstructed SSTs are consistent with, although not 
diagnostic of, weakened Atlantic Meridional Overturning Circulation (AMOC) as 
a mechanism for large scale cooling driven by external radiative forcings. The 
record reveals multidecadal variability comparable to the 20th century and 
several periods of temperatures as warm as the mid-20th century. The timing of 
multidecadal variability may indicate sensitivity to volcanic eruptions but also 
points to internally driven variability.  
	   127	  
 
5.2 Remaining uncertainty and future directions 
Additional, complete LIA records are required for replication of multidecadal 
variability and higher confidence in the WTA SST response to volcanic and solar 
forcing. A key period for further investigation is the 19th century, the beginning 
of which was marked by several large volcanic eruptions, and which some records 
indicate was the coolest part of the last millennium [McGregor et al., 2015].  
Comparison of the WTA reconstruction and additional proxy records to 
externally forced and unforced GCM simulations for the last millennium could 
help understand SST response to radiative forcing. First, relatively accurate 
models or families of models must be identified. WTA SST in forced last 
millennium runs of the nine models included in the most recent Paleoclimate 
Intercomparison Model Project (PMIP3) varies widely (Figure 5-1). While 
models that better capture the 20th century warming trend, MIROC and 
FGOALS, indicate a greater degree of LIA cooling and sensitivity to external 
forcing, further investigation is required to determine whether the 20th century 
warming reflects realistic climate processes in these models. Eventually models 
could be used to evaluate the relative importance of various external forcings, 
mechanisms for amplification, and internal variability, as well as estimate future 
warming.  
Sr-U could be applied to reconstruct SST in the equatorial Pacific and 
better constrain recent trends and sensitivity of this key region. Sr-U derived 
SST could reconcile disagreements among various reanalysis products based on 
instrumental data. Identifying recent trends would help determine whether there 
is a disagreement between observations and 20th century simulations on shifts in 
	   128	  
the Pacific zonal SST gradient. Additional Sr-U derived SST records will 
hopefully improve paleoclimate reanalyses [Hakim et al., 2016].  
More work remains to better understand the mechanisms and proper 
application of Sr-U. Future investigation could advance on two fronts: more 
geochemical modeling, and generating more Sr-U timeseries to understand 
whether there is a difference between its spatial versus temporal variability.  
Both of these approaches may be employed to better understand the 
impact of seasonal growth bias on Sr-U values. Seasonal growth bias could 
explain why estimated temperatures from corals collected from several 
subtropical sites are too warm (Appendix D). Seasonal growth bias is difficult to 
quantify and its impact on the relationship between Sr/Ca and U/Ca is yet 
unclear. Seasonal growth rate could be better quantified by counting monthly 
skeletal dissepiments, to determine if the proportion of growth during warmer 
periods explains the difference between estimated and real temperatures. In 
addition, quantifying seasonal growth bias at tropical sites could explain the 
small degree of uncertainty on Sr-U derived SSTs in the spatial calibration. 
Another avenue to tackle this problem could be to modify the calcification model 
described by DeCarlo et al [2016] to examine the effects of seasonally-varying 
calcification rates on aragonite Sr-U values.  
Geochemical modeling could also address the observation that the 
relationship between SST and Sr-U appears to be slightly shallower for 
temporally varying SST (Figure 3-5a). The slightly different relationship could 
reflect differences in the response of calcification rate and Rayleigh fractionation 
to changes in SST on annual and interannual timescales than to differences in 
mean SST described by the spatial calibration. The calcification model could also 
be used to explore whether shifts in the relationships between calcifying fluid 
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[CO32-], calcification rate, and Rayleigh fractionation explain the observed 
shallowing of the SST to Sr-U slope.  
Replication of Sr-U in modern timeseries from additional corals could 
determine whether the shallower SST to Sr-U relationship is pervasive, and 
whether a single calibration can be applied to reconstruct temporal SST 
variability from multiple coral genera.  
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5.3 Figure 
 
Figure 5-1: Top: WTA Sr-U derived SST anomalies relative to 1958-1988 (blue, 
green) plotted with solar irradiance forcing [Hegerl et al., 2007] (gold), and 
volcanic aerosol loading [Gao et al., 2008] (maroon). Bottom: SST anomalies 
relative to 1958-1988 in nine PMIP3 models and ERSST reanalysis [Smith et al., 
2008]. 
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Appendix A  
Supplementary information, figures, and data for 
Chapter 2 
A1. W037-W497 splice 
 Two cores, W037 and W497, from the same colony were spliced to 
produce a longer record (Figure A-2). The overlapping period includes seven 
samples from W497 and 12 samples from W037. The average difference in Sr/Ca 
between nearest neighbors is 0.03±0.02 mmol/mol (1σ, n=7). Given the small 
number of overlapping data points for core W497, and the observation that the 
difference between cores is less than the standard deviation of the consistency 
standards we did not impose any correction for a potential offset. The spliced 
record includes all W037 data points, and only includes W497 data points after 
the end of the W037 record. 
A2. E016 sampling 
 Core E016 displays complex corallite structure and is not optimal for 
geochemical sampling. Previous studies in Porites corals have found higher Sr/Ca 
values in “valleys” than in adjacent “bumps” [Alibert and McCulloch, 1997; Cohen 
and Hart, 1997; Alibert and Kinsley, 2008] and the optimal sampling path is 
along central axis of the corallite bundle with corallites extending parallel to the 
sampling surface [DeLong et al., 2013]. We have addressed a potential issue in 
the sampling track of core E016 by sampling along the “bump” adjacent to a 
“valley” (dashed red line in Figure A-2e). Sr/Ca values are higher in the “valley” 
than the “bump” (Figure A-3) and we use those from the “bump.” The sampling 
track is at a slight angle to the corallites in the bottom year of the record (Figure 
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A2e), although it is not in a “valley.” This section does not display anomalously 
high Sr/Ca values.   
 
 
Figure A1. West side logger composite temperature timeseries: W001 (15 m; 
blue), W022 (6 m; red), and W013 (11 m; green). For reference OISST [Reynolds 
et al., 2002] is plotted in black. One standard deviation of concurrent logger 
measurements is 0.07˚C. Logger locations are marked in Figure. 2-1. 
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Figure A2. Computerized Tomography (CT) scans of cores a) W497, b) W037, 
c) W490, d) E500, and e) E016. Annual density couplets visible as light and dark 
bands, with the low-density band formed in summer marked for each year. Red 
lines mark sampling axes, scale bar indicates distance in centimeters. W490 and 
W037 were cored from the same coral and records were spliced together (Figure 
A3), with the top of W037 corresponding to 2010.3. White regions in W037 
indicate high density, but no evidence of infilling is visible by manipulating the 3-
dimensional CT scan or in Scanning Electron Microscope (SEM) imaging. The 
dotted section of the E016 sampling axis indicates a “valley” in the coral surface. 
The adjacent “bump” was sampled and values were spliced into the record 
(Figure A-3). The high Sr/Ca values in the spliced W037 record during the 2007-
08 La Nina (Figure 2-2) do not correspond to a “valley”. 
 
 
a ec d
2cm
b
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Figure A3. Sr/Ca of “valley” (dashed red line in Figure A-2e) and “bump” 
(adjacent solid red line in Figure A-2e) tracks in core E016. The “valley” track 
shows evidence of anomalously high Sr/Ca values [Alibert and McCulloch, 1997]. 
Where both values exist the “bump” value is used.  
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Figure A4. Sr/Ca of W037 and W497, cored from the same coral, plotted with 
OISST (black; Reynolds et al. [2002]) and west logger composite temperature 
(gray). Black arrow indicates location of splice. Average offset is 0.03±0.02 
mmol/mol (1σ, n=7). 
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Figure A5. A) Temperatures estimated based on Sr/Ca from core W037, 
applying the regression of west logger composite temperature onto Sr/Ca from 
W037, plotted with west logger composite temperature (blue) and OISST (black; 
Reynolds et al. [2002]). Shaded errors indicate one standard error of prediction. 
B-D) Same as in A but for E016, E500, and W490, respectively. Each record is 
generated by applying the temperature-Sr/Ca regression specific to that coral 
(Table 2-1). 
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A.3 Sr/Ca data for all corals, loggers, and satellite SST used in this paper  
Year 
E016 Sr/Ca 
(mmol/mol) 
East 
combined 
logger (˚C) 
  
Year 
E500 Sr/Ca 
(mmol/mol) 
East 
combined 
logger (˚C) 
2012.29 9.38 NaN 
  
2012.54 9.01 NaN 
2012.21 9.33 NaN 
  
2012.46 9.20 NaN 
2012.12 9.42 NaN 
  
2012.37 9.22 NaN 
2012.04 9.47 NaN 
  
2012.29 9.17 NaN 
2011.96 9.48 NaN 
  
2012.21 9.25 NaN 
2011.87 9.42 NaN 
  
2012.12 9.34 NaN 
2011.79 9.35 NaN 
  
2012.04 9.42 NaN 
2011.71 9.35 NaN 
  
2011.96 9.37 NaN 
2011.62 9.29 NaN 
  
2011.87 9.29 NaN 
2011.54 9.21 NaN 
  
2011.79 9.33 NaN 
2011.46 9.18 NaN 
  
2011.71 9.21 NaN 
2011.37 9.25 NaN 
  
2011.62 9.21 NaN 
2011.29 9.21 NaN 
  
2011.54 9.07 NaN 
2011.21 9.29 26.16 
  
2011.46 9.05 NaN 
2011.12 9.43 25.23 
  
2011.37 9.18 NaN 
2011.04 9.44 24.47 
  
2011.29 9.20 NaN 
2010.96 9.43 24.90 
  
2011.21 9.22 26.16 
2010.87 9.41 24.69 
  
2011.12 9.26 25.23 
2010.79 9.42 24.96 
  
2011.04 9.25 24.47 
2010.71 9.45 24.47 
  
2010.96 9.21 24.90 
2010.62 9.40 24.43 
  
2010.87 9.18 24.69 
2010.54 9.32 25.60 
  
2010.79 9.25 24.96 
2010.46 9.29 26.44 
  
2010.71 9.28 24.47 
2010.37 9.27 27.09 
  
2010.62 9.21 24.43 
2010.29 9.06 28.54 
  
2010.54 9.14 25.60 
2010.21 9.07 28.67 
  
2010.46 9.09 26.44 
2010.12 9.07 28.69 
  
2010.37 9.10 27.09 
2010.04 9.18 29.41 
  
2010.29 9.07 28.54 
2009.96 9.13 29.19 
  
2010.21 9.02 28.67 
2009.87 9.22 29.00 
  
2010.12 8.96 28.69 
2009.79 9.17 28.75 
  
2010.04 8.92 29.41 
2009.71 9.11 27.96 
  
2009.96 8.89 29.19 
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2009.62 9.18 27.99 
  
2009.87 8.95 29.00 
2009.54 9.17 28.05 
  
2009.79 8.99 28.75 
2009.46 9.16 28.14 
  
2009.71 8.94 27.96 
2009.37 9.11 27.40 
  
2009.62 8.99 27.99 
2009.29 9.16 27.08 
  
2009.54 9.05 28.05 
2009.21 9.25 26.29 
  
2009.46 9.08 28.14 
2009.12 9.31 25.73 
  
2009.37 9.00 27.40 
2009.04 9.28 25.21 
  
2009.29 9.05 27.08 
2008.96 9.23 25.58 
  
2009.21 9.15 26.29 
2008.87 9.27 26.46 
  
2009.12 9.19 25.73 
2008.79 9.35 26.51 
  
2009.04 9.23 25.21 
2008.71 9.28 26.58 
  
2008.96 9.15 25.58 
2008.62 9.27 26.82 
  
2008.87 9.09 26.46 
2008.54 9.31 27.02 
  
2008.79 9.07 26.51 
2008.46 9.30 26.56 
  
2008.71 9.07 26.58 
2008.37 9.33 25.87 
  
2008.62 9.05 26.82 
2008.29 9.31 25.56 
  
2008.54 9.12 27.02 
2008.21 9.39 24.89 
  
2008.46 9.05 26.56 
2008.12 9.34 NaN 
  
2008.37 9.16 25.87 
2008.04 9.39 NaN 
  
2008.29 9.19 25.56 
2007.96 9.37 NaN 
  
2008.21 9.24 24.89 
2007.87 9.33 NaN 
  
2008.12 9.18 NaN 
2007.79 9.29 NaN 
  
2008.04 9.12 NaN 
2007.71 9.23 NaN 
  
2007.96 9.12 NaN 
2007.62 9.15 NaN 
  
2007.87 9.13 NaN 
2007.54 9.18 26.99 
  
2007.79 9.12 NaN 
2007.46 9.11 27.67 
  
2007.71 9.11 NaN 
2007.37 9.02 27.69 
  
2007.62 9.06 NaN 
2007.29 9.12 27.44 
  
2007.54 9.03 26.99 
2007.21 9.14 27.21 
  
2007.46 9.01 27.67 
2007.12 9.14 26.88 
  
2007.37 9.05 27.69 
2007.04 9.15 27.18 
  
2007.29 9.06 27.44 
2006.96 9.06 28.43 
  
2007.21 9.04 27.21 
2006.87 8.96 28.56 
  
2007.12 9.04 26.88 
2006.79 8.97 28.18 
  
2007.04 9.06 27.18 
2006.71 8.99 28.14 
  
2006.96 9.08 28.43 
2006.62 9.00 27.65 
  
2006.87 8.91 28.56 
2006.54 9.04 27.65 
  
2006.79 8.89 28.18 
	   141	  
2006.46 9.07 28.15 
  
2006.71 8.97 28.14 
2006.37 9.08 27.74 
  
2006.62 8.92 27.65 
2006.29 9.17 27.06 
  
2006.54 8.92 27.65 
2006.21 9.25 26.20 
  
2006.46 8.94 28.15 
2006.12 9.26 25.34 
  
2006.37 9.06 27.74 
2006.04 9.26 25.48 
  
2006.29 9.21 27.06 
2005.96 9.11 26.45 
  
2006.21 9.18 26.20 
2005.87 9.09 26.92 
  
2006.12 9.16 25.34 
2005.79 9.13 27.23 
  
2006.04 9.11 25.48 
2005.71 9.04 27.21 
  
2005.96 9.27 26.45 
2005.62 9.07 27.14 
  
2005.87 9.18 26.92 
2005.54 9.04 27.82 
  
2005.79 9.13 27.23 
2005.46 9.05 28.21 
  
2005.71 9.17 27.21 
2005.37 9.00 27.95 
  
2005.62 9.19 27.14 
2005.29 9.01 27.70 
  
2005.54 9.15 27.82 
2005.21 9.02 27.61 
  
2005.46 9.16 28.21 
2005.12 9.06 27.21 
  
2005.37 9.16 27.95 
2005.04 9.08 27.50 
  
2005.29 9.17 27.70 
2004.96 9.06 28.12 
  
2005.21 9.18 27.61 
2004.87 9.04 28.33 
  
2005.12 9.15 27.21 
2004.79 9.04 28.17 
  
2005.04 9.16 27.50 
2004.71 9.04 28.53 
  
2004.96 9.15 28.12 
2004.62 9.01 28.37 
  
2004.87 9.15 28.33 
2004.54 9.01 28.52 
  
2004.79 9.14 28.17 
2004.46 9.02 28.07 
  
2004.71 9.09 28.53 
2004.37 9.14 28.12 
  
2004.62 9.05 28.37 
2004.29 9.12 27.60 
  
2004.54 9.03 28.52 
2004.21 9.33 27.21 
  
2004.46 9.02 28.07 
2004.12 9.43 NaN 
  
2004.37 9.04 28.12 
2004.04 9.32 NaN 
  
2004.29 9.13 27.60 
2003.96 9.21 NaN 
  
2004.21 9.16 27.21 
2003.87 9.13 NaN 
  
2004.12 9.20 NaN 
2003.79 9.13 NaN 
  
2004.04 9.21 NaN 
2003.71 9.12 NaN 
  
2003.96 9.17 NaN 
2003.62 9.10 NaN 
  
2003.87 9.14 NaN 
2003.54 9.06 NaN 
  
2003.79 9.13 NaN 
2003.46 9.12 NaN 
  
2003.71 9.15 NaN 
2003.37 9.13 NaN 
  
2003.62 9.14 NaN 
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2003.29 9.13 NaN 
  
2003.54 9.14 NaN 
2003.21 9.07 NaN 
  
2003.46 9.19 NaN 
2003.12 9.07 NaN 
  
2003.37 9.24 NaN 
2003.04 9.09 NaN 
  
2003.29 9.19 NaN 
2002.96 9.08 NaN 
  
2003.21 9.15 NaN 
2002.87 9.02 NaN 
  
2003.12 9.14 NaN 
2002.79 9.02 NaN 
  
2003.04 9.17 NaN 
2002.71 9.07 NaN 
  
2002.96 9.15 NaN 
2002.62 9.06 NaN 
  
2002.87 9.12 NaN 
2002.54 9.07 NaN 
  
2002.79 9.08 NaN 
2002.46 9.04 NaN 
  
2002.71 9.07 NaN 
2002.37 9.03 NaN 
  
2002.62 9.03 NaN 
2002.29 9.05 NaN 
  
2002.54 9.10 NaN 
2002.21 9.07 NaN 
  
2002.46 9.11 NaN 
2002.12 9.09 NaN 
  
2002.37 9.15 NaN 
2002.04 9.09 NaN 
  
2002.29 9.02 NaN 
2001.96 9.08 NaN 
  
2002.21 9.12 NaN 
2001.87 9.11 NaN 
  
2002.12 9.20 NaN 
2001.79 9.14 NaN 
  
2002.04 9.15 NaN 
2001.71 9.14 NaN 
  
2001.96 9.10 NaN 
2001.62 9.10 NaN 
  
2001.87 9.15 NaN 
2001.54 9.06 NaN 
  
2001.79 9.15 NaN 
2001.46 8.99 NaN 
  
2001.71 9.13 NaN 
2001.37 9.03 NaN 
  
2001.62 9.14 NaN 
2001.29 9.13 NaN 
  
2001.54 9.12 NaN 
2001.21 9.39 NaN 
  
2001.46 9.18 NaN 
2001.12 9.60 NaN 
  
2001.37 9.24 NaN 
2001.04 9.12 NaN 
  
2001.29 9.24 NaN 
2000.96 9.11 NaN 
  
2001.21 9.23 NaN 
2000.87 9.18 NaN 
  
2001.12 9.30 NaN 
2000.79 9.27 NaN 
  
2001.04 9.32 NaN 
2000.71 9.41 NaN 
  
2000.96 9.31 NaN 
2000.62 9.21 NaN 
  
2000.87 9.28 NaN 
2000.54 9.13 NaN 
  
2000.79 9.23 NaN 
2000.46 9.17 NaN 
  
2000.71 9.17 NaN 
2000.37 9.19 NaN 
  
2000.62 9.21 NaN 
2000.29 9.17 NaN 
  
2000.54 9.17 NaN 
2000.21 9.21 NaN 
  
2000.46 9.21 NaN 
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2000.12 9.14 NaN 
  
2000.37 9.25 NaN 
2000.04 9.28 NaN 
  
2000.29 9.21 NaN 
1999.96 9.31 NaN 
  
2000.21 9.24 NaN 
1999.87 9.22 NaN 
  
2000.12 9.27 NaN 
1999.79 9.17 NaN 
  
2000.04 9.24 NaN 
1999.71 9.19 NaN 
  
1999.96 9.24 NaN 
1999.62 9.25 NaN 
  
1999.87 9.19 NaN 
1999.54 9.25 NaN 
  
1999.79 9.17 NaN 
1999.46 9.23 NaN 
  
1999.71 9.15 NaN 
1999.37 9.22 NaN 
  
1999.62 9.22 NaN 
1999.29 9.22 NaN 
  
1999.54 9.17 NaN 
1999.21 9.38 NaN 
  
1999.46 9.24 NaN 
1999.12 9.45 NaN 
  
1999.37 9.28 NaN 
1999.04 9.50 NaN 
  
1999.29 9.34 NaN 
1998.96 9.53 NaN 
  
1999.21 9.36 NaN 
1998.87 9.49 NaN 
  
1999.12 9.35 NaN 
1998.79 9.45 NaN 
  
1999.04 9.32 NaN 
1998.71 9.41 NaN 
  
1998.96 9.38 NaN 
1998.62 9.48 NaN 
  
1998.87 9.25 NaN 
1998.54 9.44 NaN 
  
1998.79 9.31 NaN 
1998.46 9.35 NaN 
  
1998.71 9.26 NaN 
1998.37 9.28 NaN 
  
1998.62 9.14 NaN 
1998.29 9.10 NaN 
  
1998.54 9.20 NaN 
1998.21 9.10 NaN 
  
1998.46 9.22 NaN 
1998.12 9.08 NaN 
  
1998.37 9.26 NaN 
1998.04 9.05 NaN 
  
1998.29 9.20 NaN 
1997.96 9.02 NaN 
  
1998.21 9.18 NaN 
1997.87 8.99 NaN 
  
1998.12 9.24 NaN 
1997.79 8.97 NaN 
  
1998.04 9.19 NaN 
1997.71 8.94 NaN 
  
1997.96 9.11 NaN 
1997.62 8.98 NaN 
  
1997.87 9.10 NaN 
1997.54 9.08 NaN 
  
1997.79 9.10 NaN 
1997.46 9.08 NaN 
  
1997.71 9.17 NaN 
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Year 
W037 Sr/Ca 
(mmol/mol) 
West 
composite 
logger (˚C) 
  
Year 
W490 Sr/Ca 
(mmol/mol) 
West 
composite 
logger (˚C) 
2012.71 9.31 NaN 
  
2012.71 9.09 NaN 
2012.62 9.45 NaN 
  
2012.62 9.06 NaN 
2012.54 9.30 NaN 
  
2012.54 9.09 NaN 
2012.46 9.33 NaN 
  
2012.46 9.15 NaN 
2012.37 9.34 25.70 
  
2012.37 9.28 25.70 
2012.29 9.35 26.00 
  
2012.29 9.25 26.00 
2012.21 9.37 25.50 
  
2012.21 9.22 25.50 
2012.12 9.40 25.00 
  
2012.12 9.17 25.00 
2012.04 9.45 24.81 
  
2012.04 9.07 24.81 
2011.96 9.40 25.52 
  
2011.96 9.18 25.52 
2011.87 9.40 25.73 
  
2011.87 9.18 25.73 
2011.79 9.40 25.32 
  
2011.79 9.19 25.32 
2011.71 9.30 26.20 
  
2011.71 9.23 26.20 
2011.62 9.28 25.64 
  
2011.62 9.24 25.64 
2011.54 9.25 25.90 
  
2011.54 9.18 25.90 
2011.46 9.17 26.78 
  
2011.46 9.09 26.78 
2011.37 9.18 26.06 
  
2011.37 9.10 26.06 
2011.29 9.23 25.85 
  
2011.29 9.12 25.85 
2011.21 9.22 24.87 
  
2011.21 9.15 24.87 
2011.12 9.32 24.57 
  
2011.12 9.21 24.57 
2011.04 9.44 23.89 
  
2011.04 9.28 23.89 
2010.96 9.43 24.13 
  
2010.96 9.32 24.13 
2010.87 9.55 23.34 
  
2010.87 9.33 23.34 
2010.79 9.49 24.16 
  
2010.79 9.28 24.16 
2010.71 9.65 23.06 
  
2010.71 9.35 23.06 
2010.62 9.66 22.32 
  
2010.62 9.37 22.32 
2010.54 9.56 24.08 
  
2010.54 9.24 24.08 
2010.46 9.57 24.12 
  
2010.46 9.20 24.12 
2010.37 9.54 24.77 
  
2010.37 9.20 24.77 
2010.29 9.32 27.83 
  
2010.29 9.22 27.83 
2010.21 9.11 28.46 
  
2010.21 9.07 28.46 
2010.12 9.02 28.60 
  
2010.12 9.07 28.60 
2010.04 9.06 29.25 
  
2010.04 9.09 29.25 
2009.96 9.05 28.74 
  
2009.96 9.03 28.74 
2009.87 9.05 28.49 
  
2009.87 9.11 28.49 
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2009.79 9.03 27.76 
  
2009.79 9.13 27.76 
2009.71 9.06 27.75 
  
2009.71 9.19 27.75 
2009.62 9.13 26.72 
  
2009.62 9.18 26.72 
2009.54 9.15 27.23 
  
2009.54 9.14 27.23 
2009.46 9.12 26.99 
  
2009.46 9.10 26.99 
2009.37 9.11 26.62 
  
2009.37 9.17 26.62 
2009.29 9.12 25.70 
  
2009.29 9.19 25.70 
2009.21 9.16 24.84 
  
2009.21 9.25 24.84 
2009.12 9.17 25.33 
  
2009.12 9.23 25.33 
2009.04 9.15 24.92 
  
2009.04 9.22 24.92 
2008.96 9.19 25.24 
  
2008.96 9.14 25.24 
2008.87 9.18 26.19 
  
2008.87 9.16 26.19 
2008.79 9.18 25.96 
  
2008.79 9.15 25.96 
2008.71 9.21 25.82 
  
2008.71 9.13 25.82 
2008.62 9.17 25.92 
  
2008.62 9.10 25.92 
2008.54 9.14 26.11 
  
2008.54 9.02 26.11 
2008.46 9.15 25.58 
  
2008.46 9.03 25.58 
2008.37 9.27 25.09 
  
2008.37 9.10 25.09 
2008.29 9.30 24.89 
  
2008.29 9.16 24.89 
2008.21 9.40 24.40 
  
2008.21 9.15 24.40 
2008.12 9.37 24.06 
  
2008.12 9.11 24.06 
2008.04 9.41 24.08 
  
2008.04 9.19 24.08 
2007.96 9.33 24.20 
  
2007.96 9.09 24.20 
2007.87 9.31 25.05 
  
2007.87 9.09 25.05 
2007.79 9.31 25.23 
  
2007.79 9.12 25.23 
2007.71 9.33 25.52 
  
2007.71 9.11 25.52 
2007.62 9.34 25.52 
  
2007.62 9.14 25.52 
2007.54 9.35 25.11 
  
2007.54 9.15 25.11 
2007.46 9.24 26.38 
  
2007.46 9.13 26.38 
2007.37 9.11 26.84 
  
2007.37 9.02 26.84 
2007.29 9.03 26.59 
  
2007.29 9.07 26.59 
2007.21 9.00 26.95 
  
2007.21 9.02 26.95 
2007.12 9.05 26.59 
  
2007.12 9.10 26.59 
2007.04 9.06 26.87 
  
2007.04 9.22 26.87 
2006.96 9.02 28.30 
  
2006.96 9.08 28.30 
2006.87 8.98 28.36 
  
2006.87 NaN 28.36 
2006.79 9.03 27.92 
  
2006.79 NaN 27.92 
2006.71 9.12 27.80 
  
2006.71 NaN 27.80 
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2006.62 9.16 26.80 
  
2006.62 NaN 26.80 
2006.54 9.17 26.28 
  
2006.54 NaN 26.28 
2006.46 9.15 27.09 
  
2006.46 NaN 27.09 
2006.37 9.06 27.05 
  
2006.37 NaN 27.05 
2006.29 9.05 26.14 
  
2006.29 NaN 26.14 
2006.21 9.20 25.44 
  
2006.21 NaN 25.44 
2006.12 9.17 NaN 
  
2006.12 NaN NaN 
2006.04 9.15 NaN 
  
2006.04 NaN NaN 
2005.96 9.15 26.18 
  
2005.96 NaN 26.18 
2005.87 9.11 26.42 
  
2005.87 NaN 26.42 
2005.79 9.09 26.94 
  
2005.79 NaN 26.94 
2005.71 9.07 26.91 
  
2005.71 NaN 26.91 
2005.62 9.17 26.16 
  
2005.62 NaN 26.16 
2005.54 9.12 27.57 
  
2005.54 NaN 27.57 
2005.46 9.10 27.71 
  
2005.46 NaN 27.71 
2005.37 9.08 27.20 
  
2005.37 NaN 27.20 
2005.29 9.13 27.25 
  
2005.29 NaN 27.25 
2005.21 9.10 27.41 
  
2005.21 NaN 27.41 
2005.12 9.15 27.03 
  
2005.12 NaN 27.03 
2005.04 9.17 27.32 
  
2005.04 NaN 27.32 
2004.96 9.12 27.98 
  
2004.96 NaN 27.98 
2004.87 9.08 28.24 
  
2004.87 NaN 28.24 
2004.79 9.10 27.96 
  
2004.79 NaN 27.96 
2004.71 9.07 28.39 
  
2004.71 NaN 28.39 
2004.62 9.07 28.17 
  
2004.62 NaN 28.17 
2004.54 9.03 28.41 
  
2004.54 NaN 28.41 
2004.46 9.07 27.89 
  
2004.46 NaN 27.89 
2004.37 9.12 27.82 
  
2004.37 NaN 27.82 
2004.29 9.16 27.24 
  
2004.29 NaN 27.24 
2004.21 9.18 NaN 
  
2004.21 NaN NaN 
2004.12 9.13 NaN 
  
2004.12 NaN NaN 
2004.04 9.17 NaN 
  
2004.04 NaN NaN 
2003.96 9.16 27.79 
  
2003.96 NaN 27.79 
2003.87 9.13 27.68 
  
2003.87 NaN 27.68 
2003.79 9.18 26.92 
  
2003.79 NaN 26.92 
2003.71 9.21 27.29 
  
2003.71 NaN 27.29 
2003.62 9.19 27.02 
  
2003.62 NaN 27.02 
2003.54 9.19 27.32 
  
2003.54 NaN 27.32 
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2003.46 9.19 26.63 
  
2003.46 NaN 26.63 
2003.37 9.26 26.94 
  
2003.37 NaN 26.94 
2003.29 9.20 26.72 
  
2003.29 NaN 26.72 
2003.21 9.10 27.63 
  
2003.21 NaN 27.63 
2003.12 9.09 27.85 
  
2003.12 NaN 27.85 
2003.04 9.08 28.38 
  
2003.04 NaN 28.38 
2002.96 9.20 28.76 
  
2002.96 NaN 28.76 
2002.87 9.00 29.78 
  
2002.87 NaN 29.78 
2002.79 8.91 29.32 
  
2002.79 NaN 29.32 
2002.71 8.97 29.06 
  
2002.71 NaN 29.06 
2002.62 9.05 28.64 
  
2002.62 NaN 28.64 
2002.54 9.04 27.65 
  
2002.54 NaN 27.65 
2002.46 9.09 27.96 
  
2002.46 NaN 27.96 
2002.37 9.08 28.09 
  
2002.37 NaN 28.09 
2002.29 9.11 27.50 
  
2002.29 NaN 27.50 
2002.21 9.09 27.29 
  
2002.21 NaN 27.29 
2002.12 9.10 NaN 
     2002.04 9.09 NaN 
     2001.96 9.09 NaN 
     2001.87 9.06 NaN 
     2001.79 9.12 NaN 
     2001.71 9.07 NaN 
     2001.62 9.09 NaN 
     2001.54 9.17 NaN 
     2001.46 9.18 NaN 
     2001.37 9.23 NaN 
     2001.29 9.20 NaN 
     2001.21 9.33 NaN 
     2001.12 9.31 NaN 
     2001.04 9.35 NaN 
     2000.96 9.28 NaN 
     2000.87 9.20 NaN 
     2000.79 9.20 NaN 
     2000.71 9.17 NaN 
     2000.62 9.22 NaN 
     2000.54 9.13 NaN 
     2000.46 9.25 NaN 
     2000.37 9.16 NaN 
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2000.29 9.21 NaN 
     2000.21 9.28 NaN 
     2000.12 9.35 NaN 
     2000.04 9.25 NaN 
     1999.96 9.24 NaN 
     1999.87 9.20 NaN 
     1999.79 9.15 NaN 
     1999.71 9.21 NaN 
     1999.62 9.20 NaN 
     1999.54 9.15 NaN 
     1999.46 9.20 NaN 
     1999.37 9.23 NaN 
     1999.29 9.22 NaN 
     1999.21 9.32 NaN 
     1999.12 9.41 NaN 
     1999.04 9.34 NaN 
     1998.96 9.29 NaN 
     1998.87 9.27 NaN 
     1998.79 9.30 NaN 
     1998.71 9.30 NaN 
     1998.62 9.33 NaN 
     1998.54 9.39 NaN 
     1998.46 9.39 NaN 
     1998.37 9.50 NaN 
     1998.29 9.43 NaN 
     1998.21 9.33 NaN 
     1998.12 9.24 NaN 
     1998.04 9.15 NaN 
     1997.96 9.10 NaN 
     1997.87 9.06 NaN 
     1997.79 9.01 NaN 
     1997.71 9.08 NaN 
     1997.62 9.09 NaN 
     1997.54 9.13 NaN 
     1997.46 9.17 NaN 
     1997.37 9.22 NaN 
     1997.29 9.20 NaN 
     1997.21 9.14 NaN 
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1997.12 9.16 NaN 
     1997.04 9.21 NaN 
     1996.96 9.26 NaN 
     1996.87 9.32 NaN 
     1996.79 9.33 NaN 
     1996.71 9.22 NaN 
     1996.62 9.21 NaN 
     1996.54 9.23 NaN 
     1996.46 9.25 NaN 
     1996.37 9.28 NaN 
     1996.29 9.33 NaN 
     
        
        
        
Year 
OISST (˚C) 
[Reynolds et 
al., 2002] 
      2013.12 26.09 
      2013.04 26.11 
      2012.96 27.06 
      2012.87 27.61 
      2012.79 27.75 
      2012.71 27.98 
      2012.62 28.19 
      2012.54 28.16 
      2012.46 28.16 
      2012.37 27.92 
      2012.29 27.47 
      2012.21 26.43 
      2012.12 25.71 
      2012.04 25.39 
      2011.96 25.79 
      2011.87 26.02 
      2011.79 26.16 
      2011.71 26.64 
      2011.62 26.96 
      2011.54 27.42 
      2011.46 27.77 
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2011.37 27.35 
      2011.29 26.85 
      2011.21 26.48 
      2011.12 25.32 
      2011.04 24.65 
      2010.96 25.24 
      2010.87 25.12 
      2010.79 25.06 
      2010.71 24.60 
      2010.62 25.10 
      2010.54 25.90 
      2010.46 26.89 
      2010.37 27.78 
      2010.29 28.67 
      2010.21 28.86 
      2010.12 28.83 
      2010.04 29.44 
      2009.96 29.35 
      2009.87 29.06 
      2009.79 28.89 
      2009.71 28.09 
      2009.62 28.04 
      2009.54 28.32 
      2009.46 28.44 
      2009.37 28.21 
      2009.29 27.72 
      2009.21 26.78 
      2009.12 25.90 
      2009.04 25.24 
      2008.96 25.69 
      2008.87 26.62 
      2008.79 26.67 
      2008.71 26.71 
      2008.62 26.97 
      2008.54 27.29 
      2008.46 27.12 
      2008.37 26.77 
      2008.29 26.19 
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2008.21 25.12 
      2008.12 24.41 
      2008.04 24.65 
      2007.96 24.81 
      2007.87 25.41 
      2007.79 25.81 
      2007.71 26.28 
      2007.62 27.11 
      2007.54 27.41 
      2007.46 28.12 
      2007.37 27.96 
      2007.29 27.89 
      2007.21 27.37 
      2007.12 27.04 
      2007.04 27.39 
      2006.96 28.50 
      2006.87 28.77 
      2006.79 28.37 
      2006.71 28.22 
      2006.62 27.96 
      2006.54 27.90 
      2006.46 28.43 
      2006.37 27.98 
      2006.29 27.36 
      2006.21 26.27 
      2006.12 25.64 
      2006.04 25.59 
      2005.96 26.50 
      2005.87 26.97 
      2005.79 27.32 
      2005.71 27.33 
      2005.62 27.36 
      2005.54 27.94 
      2005.46 28.37 
      2005.37 28.17 
      2005.29 27.88 
      2005.21 27.73 
      2005.12 27.21 
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2005.04 27.66 
      2004.96 28.25 
      2004.87 28.39 
      2004.79 28.36 
      2004.71 28.61 
      2004.62 28.54 
      2004.54 28.76 
      2004.46 28.20 
      2004.37 28.32 
      2004.29 27.73 
      2004.21 27.04 
      2004.12 26.99 
      2004.04 26.91 
      2003.96 27.39 
      2003.87 27.91 
      2003.79 27.85 
      2003.71 27.64 
      2003.62 27.44 
      2003.54 28.03 
      2003.46 28.03 
      2003.37 27.62 
      2003.29 27.80 
      2003.21 28.10 
      2003.12 28.05 
      2003.04 28.65 
      2002.96 29.03 
      2002.87 29.72 
      2002.79 29.70 
      2002.71 29.38 
      2002.62 28.91 
      2002.54 28.79 
      2002.46 28.87 
      2002.37 28.54 
      2002.29 28.21 
      2002.21 27.47 
      2002.12 27.44 
      2002.04 27.59 
      2001.96 26.97 
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2001.87 27.51 
      2001.79 27.64 
      2001.71 27.82 
      2001.62 27.91 
      2001.54 28.17 
      2001.46 28.03 
      2001.37 27.89 
      2001.29 27.35 
      2001.21 26.22 
      2001.12 25.83 
      2001.04 25.57 
      2000.96 25.46 
      2000.87 26.34 
      2000.79 26.59 
      2000.71 26.87 
      2000.62 27.02 
      2000.54 27.11 
      2000.46 27.12 
      2000.37 26.70 
      2000.29 26.26 
      2000.21 25.20 
      2000.12 24.75 
      2000.04 24.76 
      1999.96 24.81 
      1999.87 25.66 
      1999.79 26.40 
      1999.71 26.40 
      1999.62 26.05 
      1999.54 26.58 
      1999.46 26.66 
      1999.37 26.76 
      1999.29 26.37 
      1999.21 25.77 
      1999.12 24.85 
      1999.04 24.31 
      1998.96 24.27 
      1998.87 24.54 
      1998.79 24.81 
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1998.71 25.75 
      1998.62 25.16 
      1998.54 25.75 
      1998.46 27.27 
      1998.37 28.57 
      1998.29 28.03 
      1998.21 28.43 
      1998.12 29.19 
      1998.04 29.35 
      1997.96 29.32 
      1997.87 29.57 
      1997.79 29.86 
      1997.71 29.92 
      1997.62 29.54 
      1997.54 29.59 
      1997.46 29.50 
      1997.37 29.13 
      1997.29 28.28 
      1997.21 26.85 
      1997.12 26.67 
      1997.04 26.70 
      1996.96 26.76 
      1996.87 26.52 
      1996.79 26.70 
      1996.71 26.96 
      1996.62 27.29 
      1996.54 27.50 
      1996.46 27.53 
      1996.37 27.60 
      1996.29 27.14 
      1996.21 26.23 
      1996.12 25.40 
      1996.04 25.65 
      1995.96 25.87 
      1995.87 26.08 
      1995.79 25.71 
      1995.71 26.45 
      1995.62 26.81 
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1995.54 27.44 
      1995.46 28.04 
      1995.37 28.27 
      1995.29 27.97 
      1995.21 27.76 
      1995.12 28.00 
      1995.04 28.66 
      1994.96 29.08 
      1994.87 29.09 
      1994.79 28.62 
      1994.71 28.28 
      1994.62 28.71 
      1994.54 28.47 
      1994.46 28.22 
      1994.37 27.96 
      1994.29 27.74 
      1994.21 26.81 
      1994.12 26.46 
      1994.04 26.49 
      1993.96 27.10 
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Appendix B  
Supplementary figures and data for Chapter 3 	  
 
 
Figure B-1: Sr/Ca and monthly SST for corals new to the spatial calibration. SST is 
from OISST in the 1˚x1˚ grid box corresponding to each collection location. The 
Panama Pocillipora has two branches, left, “L,” and right, “R.” In the calibration we 
combine these into one dataset. Please see DeCarlo et al. [2016] for Sr/Ca values for the 
additional 14 corals included in the spatial calibration.  
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Figure B-2: Sr/Ca vs U/Ca scatterplots for corals new to the spatial calibration. In 
each subplot data for all 19 corals are plotted in gray, data from the coral in each 
subplot are plotted in black. In each subplot the regression of Sr/Ca on U/Ca for the 
individual coral is indicated by a sloping solid black line. A vertical solid black line 
denotes U/Ca=1.1 umol/mol. Sr-U is defined as the Sr/Ca value corresponding to the 
intersection between these two lines.  
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Figure B-3: A) Sr/Ca from PR-OF-001 and PR-OF-002. Shaded error bars indicate 
analytical uncertainty of 0.035 mmol/mol. B) U/Ca from PR-OF-001 and PR-MF-002. 
Shaded error bars indicate analytical uncertainty of 0.02 umol/mol. 
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Figure B-4: Sr/Ca timeseries from O. faveolata PR-MF-001 and PR-OF-002 from 
Puerto Rico with ERSST [Smith et al., 2008] and OISST [Reynolds et al., 2002]. Data 
are in 3-year bins and shading indicates the analytical standard error of the mean (1σ). 
Annual mean Sr/Ca does not correlate with OISST for either core and 3-year binned 
Sr/Ca does not correlate to ERSST in either core. Contemporaneous Sr/Ca values from 
the two cores average 0.10 mmol/mol apart. There is no significant trend in Sr/Ca from 
either core. 
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Figure B-5: Stain lines on O. franksi from Bermuda photographed through a Nikon 
SMZ1500 microscope at 6x magnification. The coral was stained with Alizarin red dye 
on June 2, 2000, September 24, 2000, and January 24, 2001, and was collected on June 
1, 2001. Only two stain lines are visible, indicating that the coral was not calcifying 
during the coldest staining period in January 2001. Please see Cohen et al. [2004] for a 
detailed description of staining methods.  
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Figure B-6: CT scans for the long cores PR-OF-001 (A) and and PR-OF-002 (B). 
Scanning was carried out according to methods described in DeCarlo et al., [2016]. 
Annual density couplets are visible as light and dark bands. Drill tracks are marked in 
red. Lighter grays corresponding to increased skeletal density due to stress following the 
well-documented 1998 bleaching event in Puerto Rico [Goreau et al., 2000; Winter et 
al., 1998] are visible at the top of PR-OF-001. This section is denoted by a dashed drill 
track line and was omitted from the Sr/Ca and SrU records. The red arrow and dashed 
drill track section further down the core mark a high density stress band in 1923. 
Partial mortality and secondary crystal growth (Figure B9) are visible, and this section 
was omitted from the Sr/Ca and SrU records. 
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Figure B-7: PAN-PD-014 left (L) and right (R) branches. 
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Figure B-8: Sr-U derived temperatures for all corals in calibration plotted against 
average annual temperature. Bermuda Orbicella franksii is plotted in blue and measured 
annual temperature is not adjusted for variable seasonal extension rate. Estimated 
temperature for Bermuda Orbicella franksii is 1.8˚C cooler than annual average 
temperature. The extended spatial calibration regression line is plotted with 95% 
confidence interval. Note that this regression was derived using average growth 
temperature of Bermuda Orbicella franksii adjusted for variable seasonal extension 
rates. 
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Figure B-9: Spherical secondary crystal growth within a 1923 stress band in and PR-
OF-001 photographed through a Nikon SMZ1500 microscope. We omit this section from 
the Sr/Ca and SrU records.  
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Figure B-10: Annual extension rate from and PR-OF-001 and PR-OF-002. The -0.02 
mm/yr decreasing trend in and PR-OF-001 is significant (P<0.05). 
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B.1 Sr/Ca and U/Ca data for all corals in calibration 
 
Sr/Ca 
uncertainty: 
0.035 
mmol/mol 
U/Ca 
uncertainty: 
0.02 μmol/mol,  
   
      BER-DL-003 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
1998.93 9.20 1.00 
  
 
1998.91 9.20 0.95 
  
 
1998.88 9.11 0.89 
  
 
1998.86 9.08 0.88 
  
 
1998.83 9.04 0.92 
  
 
1998.81 9.03 0.89 
  
 
1998.79 9.02 0.87 
  
 
1998.76 9.05 0.89 
  
 
1998.74 8.99 0.88 
  
 
1998.72 9.00 0.88 
  
 
1998.69 8.95 0.86 
  
 
1998.67 8.89 0.88 
  
 
1998.64 8.89 0.91 
  
 
1998.62 8.80 0.86 
  
 
1998.61 8.87 0.86 
  
 
1998.60 8.89 0.90 
  
 
1998.59 8.94 0.93 
  
 
1998.53 9.00 0.86 
  
 
1998.46 9.16 0.89 
  
 
1998.31 9.40 1.00 
  
 
1998.28 9.28 1.04 
  
 
1998.25 9.38 1.05 
  
 
1998.21 9.42 1.08 
  
 
1998.18 9.45 1.12 
  
 
1998.15 9.51 1.09 
  
 
1998.13 9.43 1.06 
  
 
1998.10 9.46 1.02 
  
 
1997.85 9.23 0.95 
  
 
1997.82 9.13 0.91 
  
 
1997.80 8.97 0.86 
  
 
1997.77 9.05 0.91 
  
 
1997.75 9.05 0.89 
  
 
1997.72 9.05 0.88 
  
 
1997.69 8.90 0.78 
  
 
1997.67 8.92 0.74 
  
 
1997.64 8.81 0.73 
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1997.63 8.92 0.77 
  
 
1997.61 8.92 0.78 
  
 
1997.60 9.04 0.93 
  
 
1997.58 8.92 0.81 
  
 
1997.57 8.94 0.81 
  
 
1997.55 9.01 0.94 
  
 
1997.51 9.09 0.86 
  
 
1997.49 8.99 0.85 
  
 
1997.44 9.16 0.89 
  
 
1997.39 9.28 1.02 
  
 
1997.33 9.48 1.08 
  
 
1997.28 9.56 1.08 
  
 
1997.22 9.44 1.07 
  
 
1997.12 9.40 1.07 
  
 
1997.01 9.46 1.09 
  
 
1996.98 9.45 1.03 
  
 
1996.95 9.31 0.99 
  
 
1996.91 9.24 0.91 
  
 
1996.88 9.08 0.97 
  
 
1996.87 9.06 0.91 
  
 
1996.85 9.04 0.94 
  
 
1996.84 9.05 0.91 
  
 
1996.82 9.01 0.90 
  
 
1996.81 8.97 0.89 
  
 
1996.79 8.95 0.90 
  
 
1996.78 8.95 0.91 
  
 
1996.76 8.85 0.88 
  
 
1996.76 8.86 0.88 
  
 
1996.75 8.90 0.92 
  
 
1996.75 8.88 0.95 
  
 
1996.74 8.90 0.93 
  
 
1996.67 8.70 0.84 
  
 
1996.63 8.75 0.90 
  
 
1996.59 8.84 0.92 
  
 
1996.55 8.87 0.98 
  
 
1996.54 9.01 1.03 
  
 
1996.53 8.82 0.94 
  
 
1996.49 8.99 0.96 
  
 
1996.45 8.91 0.96 
  
 
1996.42 9.07 1.02 
  
 
1996.40 9.10 1.00 
  
 
1996.37 9.11 1.01 
  
 
1996.35 9.17 1.05 
  
 
1996.32 9.22 1.14 
  
 
1996.30 9.25 1.16 
  
 
1996.27 9.38 1.13 
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1996.25 9.40 1.13 
  
 
1996.13 9.37 1.10 
  
 
1996.05 9.38 1.07 
  
 
1996.03 9.15 0.96 
  
 
1996.02 9.18 1.00 
  
 
1996.00 9.22 0.93 
  
 
1995.99 9.11 0.86 
  
 
1995.97 9.12 0.92 
  
 
1995.95 9.21 0.97 
  
 
1995.94 9.24 1.04 
  
 
1995.92 9.21 1.02 
  
      BER-OF-003 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
2000.94 9.05 0.98 
  
 
2000.84 9.10 0.88 
  
 
2000.75 9.03 1.17 
  
 
2000.65 8.82 0.86 
  
 
2000.53 8.84 0.86 
  
 
2000.42 9.11 0.98 
  
 
2000.39 8.97 0.97 
  
 
2000.35 9.07 0.94 
  
 
2000.32 9.18 0.96 
  
 
2000.29 9.17 1.03 
  
 
2000.26 9.29 1.06 
  
 
2000.23 9.35 1.03 
  
 
2000.05 9.21 0.98 
  
 
1999.86 9.13 1.05 
  
 
1999.68 8.88 0.80 
  
 
1999.59 9.22 1.04 
  
 
1999.50 9.09 0.93 
  
 
1999.41 9.10 1.02 
  
 
1999.32 9.38 0.98 
  
 
1999.23 9.64 1.19 
  
 
1999.09 9.46 1.11 
  
 
1998.96 9.36 1.04 
  
 
1998.82 9.21 1.02 
  
 
1998.68 8.96 0.85 
  
 
1998.61 9.30 1.26 
  
 
1998.53 9.19 1.08 
  
 
1998.46 9.04 0.99 
  
 
1998.38 9.06 0.97 
  
 
1998.31 9.24 0.97 
  
 
1998.23 9.60 1.22 
  
 
1998.17 9.31 1.06 
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1998.11 9.39 1.12 
  
 
1998.05 9.51 1.01 
  
 
1997.99 9.26 0.97 
  
 
1997.92 9.24 0.93 
  
 
1997.86 9.17 0.85 
  
 
1997.80 8.97 0.77 
  
 
1997.74 9.04 0.89 
  
 
1997.68 8.63 0.70 
  
 
1997.59 8.67 0.75 
  
 
1997.50 9.49 1.22 
  
 
1997.41 9.59 1.38 
  
 
1997.32 9.73 1.24 
  
 
1997.23 9.87 1.38 
  
 
1996.97 9.23 1.01 
  
 
1996.70 9.04 0.98 
  
 
1996.59 9.03 1.06 
  
 
1996.44 9.34 1.11 
  
 
1996.28 9.67 1.35 
  
 
1996.07 9.64 1.30 
  
 
1995.94 9.23 1.10 
  
 
1995.81 8.97 1.05 
  
 
1995.61 8.84 0.96 
  
 
1995.52 9.14 1.26 
  
 
1995.42 9.29 1.27 
  
 
1995.33 9.21 1.10 
  
 
1995.23 9.57 1.39 
  
 
1995.09 9.49 1.44 
  
 
1994.96 9.28 1.23 
  
 
1994.82 9.13 1.08 
  
 
1994.77 9.10 1.18 
  
 
1994.72 9.15 1.18 
  
 
1994.67 9.25 1.14 
  
 
1994.62 9.35 1.15 
  
 
1994.57 9.19 1.15 
  
 
1994.52 9.21 1.10 
  
 
1994.23 9.79 1.29 
  
      STX-OA-001 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
2000.84 8.81 0.83 
  
 
2000.75 8.79 0.98 
  
 
2000.66 9.02 1.07 
  
 
2000.17 9.21 1.12 
  
 
2000.07 9.20 1.22 
  
 
1999.98 9.16 1.16 
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1999.79 9.01 1.02 
  
 
1999.69 8.91 0.97 
  
 
1999.61 8.96 0.96 
  
 
1999.51 9.04 1.02 
  
 
1999.43 9.11 1.08 
  
 
1999.37 9.12 1.08 
  
 
1999.27 9.14 1.07 
  
 
1999.19 9.15 1.11 
  
 
1999.13 9.18 1.11 
  
 
1999.05 9.10 1.09 
  
 
1998.97 9.07 1.04 
  
 
1998.89 8.99 1.01 
  
 
1998.80 8.91 0.97 
  
 
1998.72 8.89 0.95 
  
 
1998.64 8.86 0.94 
  
 
1998.56 8.85 1.02 
  
 
1998.48 8.90 1.06 
  
 
1998.40 8.99 1.05 
  
 
1998.32 8.98 1.07 
  
 
1998.24 9.04 1.03 
  
 
1998.16 9.11 1.06 
  
 
1998.11 9.02 1.02 
  
 
1998.05 9.03 1.09 
  
 
1998.00 8.96 1.01 
  
 
1997.94 9.14 1.17 
  
 
1997.89 9.09 1.11 
  
 
1997.83 8.96 0.97 
  
 
1997.78 9.07 1.08 
  
 
1997.72 8.91 1.01 
  
 
1997.60 8.96 1.18 
  
 
1997.49 9.07 1.14 
  
 
1997.37 9.02 1.11 
  
 
1997.26 9.02 1.02 
  
 
1997.14 9.07 1.06 
  
 
1997.05 9.02 1.07 
  
 
1996.96 8.90 0.97 
  
 
1996.87 8.88 0.98 
  
 
1996.78 8.97 1.01 
  
 
1996.69 8.82 0.90 
  
 
1996.60 9.00 1.13 
  
 
1996.51 8.98 1.08 
  
 
1996.24 9.06 1.03 
  
 
1996.12 9.02 1.01 
  
 
1996.00 8.97 1.02 
  
 
1995.87 8.92 0.95 
  
 
1995.75 8.88 0.95 
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1995.63 8.94 1.00 
  
 
1995.52 8.97 0.99 
  
 
1995.42 8.87 1.00 
  
 
1995.31 9.06 1.16 
  
 
1995.20 9.09 1.08 
  
      CUR-DL-882 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
2013.78 9.04 1.08 
  
 
2013.70 9.03 1.15 
  
 
2013.62 9.06 1.12 
  
 
2013.54 9.03 1.27 
  
 
2013.45 9.08 1.20 
  
 
2013.37 9.09 1.09 
  
 
2013.29 9.09 1.26 
  
 
2013.21 9.11 1.31 
  
 
2013.12 9.14 1.17 
  
 
2013.01 9.10 1.17 
  
 
2012.90 9.06 1.13 
  
 
2012.79 9.01 1.12 
  
 
2012.70 9.02 1.06 
  
 
2012.60 9.06 1.02 
  
 
2012.51 9.14 1.06 
  
      Jardin C (Yucatan) 
    
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
2009.55 1.07 8.60 
  
 
2009.49 1.12 8.66 
  
 
2009.43 1.15 8.87 
  
 
2009.37 1.18 9.08 
  
 
2009.31 1.16 9.00 
  
 
2009.25 1.20 9.31 
  
 
2009.19 1.24 9.63 
  
 
2009.13 1.13 9.19 
  
 
2009.06 1.24 9.14 
  
 
2008.92 1.21 8.50 
  
 
2008.85 1.13 8.98 
  
 
2008.80 1.12 8.63 
  
 
2008.75 1.13 8.85 
  
 
2008.70 1.08 9.14 
  
 
2008.65 1.07 8.97 
  
 
2008.61 1.06 9.08 
  
 
2008.56 1.08 8.69 
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2008.51 1.11 9.18 
  
 
2008.46 1.16 9.18 
  
 
2008.37 1.17 9.06 
  
 
2008.29 1.13 9.20 
  
 
2008.21 1.20 8.76 
  
 
2008.13 1.15 9.09 
  
 
2007.96 1.01 9.14 
  
 
2007.92 1.10 9.38 
  
 
2007.88 1.04 8.93 
  
 
2007.85 1.10 8.85 
  
 
2007.81 1.03 9.13 
  
 
2007.78 1.08 8.94 
  
 
2007.74 1.00 8.43 
  
 
2007.70 1.10 8.53 
  
 
2007.67 1.08 8.90 
  
 
2007.63 1.10 8.60 
  
 
2007.60 1.14 8.70 
  
 
2007.56 1.14 9.08 
  
 
2007.52 1.17 8.87 
  
 
2007.49 1.09 9.18 
  
 
2007.45 1.14 8.96 
  
 
2007.42 1.07 9.01 
  
 
2007.38 1.12 8.85 
  
 
2007.35 1.07 8.88 
  
 
2007.31 1.03 8.97 
  
 
2007.27 1.03 8.66 
  
 
2007.24 1.05 9.12 
  
 
2007.20 1.03 9.17 
  
 
2007.14 1.05 9.23 
  
 
2007.07 0.99 9.01 
  
 
2007.01 1.06 8.89 
  
 
2006.94 1.10 8.78 
  
 
2006.87 1.12 9.12 
  
 
2006.81 1.06 8.77 
  
 
2006.75 1.07 8.79 
  
 
2006.68 1.14 8.95 
  
 
2006.61 1.14 8.98 
  
 
2006.55 1.18 9.14 
  
 
2006.48 1.17 9.20 
  
 
2006.42 1.15 8.97 
  
 
2006.35 1.17 9.08 
  
 
2006.29 1.15 9.05 
  
 
2006.23 1.02 9.01 
  
 
2006.16 0.95 8.56 
  
 
2006.10 0.97 8.76 
  
 
2006.04 1.07 8.78 
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2005.98 1.00 8.82 
  
 
2005.91 1.02 8.98 
  
 
2005.85 1.11 9.11 
  
 
2005.79 1.08 8.44 
  
 
2005.73 1.06 8.61 
  
 
2005.66 1.07 8.68 
  
 
2005.60 1.07 8.68 
  
 
2005.54 1.03 9.17 
  
 
2005.48 1.12 9.01 
  
 
2005.42 1.18 9.18 
  
 
2005.35 1.16 9.12 
  
 
2005.29 1.32 9.15 
  
 
2005.23 1.14 9.12 
  
 
2005.17 1.22 9.44 
  
 
2005.10 1.51 9.43 
  
 
2005.04 1.28 9.25 
  
 
2004.99 1.31 9.00 
  
 
2004.93 1.32 9.29 
  
 
2004.88 1.17 8.89 
  
 
2004.83 1.01 8.58 
  
 
2004.77 1.20 8.85 
  
 
2004.72 1.17 9.14 
  
 
2004.67 1.27 9.29 
  
 
2004.61 1.16 8.89 
  
 
2004.56 1.25 9.10 
  
 
2004.50 1.21 9.03 
  
 
2004.45 1.18 9.02 
  
 
2004.39 1.20 9.02 
  
 
2004.34 1.16 8.93 
  
 
2004.29 1.05 8.90 
  
 
2004.23 1.03 8.69 
  
 
2004.18 1.06 8.84 
  
 
2004.13 1.05 8.85 
  
 
2004.06 1.03 8.91 
  
 
2004.00 1.09 8.90 
  
 
2003.94 1.08 8.55 
  
 
2003.87 1.08 8.66 
  
 
2003.81 1.13 8.86 
  
 
2003.75 1.10 8.60 
  
 
2003.69 1.09 8.85 
  
 
2003.62 1.06 8.63 
  
 
2003.56 1.13 8.83 
  
 
2003.50 1.13 8.89 
  
 
2003.44 1.13 8.92 
  
 
2003.38 1.18 8.92 
  
 
2003.31 1.15 8.98 
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2003.25 1.12 8.68 
  
 
2003.19 1.15 9.08 
  
 
2003.13 1.16 8.97 
  
 
2003.06 1.10 8.87 
  
 
2003.00 1.12 8.93 
  
 
2002.93 1.17 9.15 
  
 
2002.87 1.14 9.15 
  
 
2002.80 1.11 8.83 
  
 
2002.74 1.22 9.22 
  
 
2002.67 1.19 9.15 
  
 
2002.61 1.22 9.26 
  
 
2002.55 1.09 8.85 
  
 
2002.48 1.12 9.36 
  
 
2002.42 1.11 8.84 
  
 
2002.35 1.16 8.96 
  
 
2002.29 1.06 8.55 
  
 
2002.20 1.02 8.91 
  
 
2002.12 1.01 8.67 
  
 
2002.04 1.08 8.90 
  
 
2001.95 1.08 8.89 
  
 
2001.87 1.14 9.20 
  
 
2001.79 1.17 9.00 
  
 
2001.71 1.30 9.46 
  
 
2001.62 1.37 9.55 
  
 
2001.54 1.19 8.94 
  
 
2001.46 1.16 9.15 
  
 
2001.37 1.22 9.15 
  
 
2001.29 1.09 8.84 
  
 
2001.21 1.11 9.01 
  
 
2001.13 1.11 8.86 
  
 
2001.04 1.05 8.97 
  
 
2001.00 1.05 8.81 
  
 
2000.97 1.13 9.10 
  
 
2000.93 1.08 8.77 
  
 
2000.89 1.07 8.83 
  
 
2000.85 1.12 8.94 
  
 
2000.81 1.14 9.23 
  
 
2000.77 1.15 9.15 
  
 
2000.74 1.11 8.86 
  
 
2000.70 1.15 9.19 
  
 
2000.66 1.14 8.96 
  
 
2000.62 1.14 8.96 
  
 
2000.59 1.08 8.76 
  
 
2000.55 1.14 8.93 
  
 
2000.51 1.11 8.78 
  
 
2000.47 1.15 9.03 
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2000.43 1.14 8.79 
  
 
2000.39 1.26 9.18 
  
 
2000.36 1.17 8.81 
  
 
2000.32 1.15 8.91 
  
 
2000.28 1.12 8.71 
  
 
2000.24 1.13 8.79 
  
 
2000.21 1.11 8.70 
  
 
2000.16 1.13 8.97 
  
 
2000.11 1.14 8.88 
  
 
2000.06 1.17 9.00 
  
 
2000.01 1.34 8.97 
  
 
1999.96 1.11 9.05 
  
 
1999.91 1.12 9.15 
  
 
1999.86 1.07 8.96 
  
 
1999.81 1.01 8.82 
  
 
1999.76 1.16 9.01 
  
 
1999.71 1.09 8.97 
  
 
1999.67 1.33 9.27 
  
 
1999.62 1.16 8.78 
  
 
1999.57 1.19 8.81 
  
 
1999.52 1.16 8.81 
  
 
1999.47 1.17 8.79 
  
 
1999.42 1.14 8.86 
  
 
1999.37 1.12 8.59 
  
 
1999.32 1.22 8.96 
  
 
1999.27 1.08 8.78 
  
 
1999.22 1.08 8.98 
  
 
1999.17 1.09 8.96 
  
 
1999.13 1.05 8.64 
  
 
1999.08 1.18 9.04 
  
 
1999.04 1.15 8.91 
  
 
1999.00 1.21 9.06 
  
 
1998.96 1.16 9.00 
  
 
1998.92 1.12 9.11 
  
 
1998.87 1.25 9.36 
  
 
1998.83 1.18 9.16 
  
 
1998.79 1.12 9.09 
  
 
1998.75 1.09 8.99 
  
 
1998.71 1.17 9.21 
  
 
1998.67 1.19 9.01 
  
 
1998.63 1.18 8.98 
  
 
1998.58 1.24 8.98 
  
 
1998.54 1.19 9.36 
  
 
1998.50 1.15 9.38 
  
 
1998.46 1.17 9.19 
  
 
1998.42 1.10 9.09 
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1998.38 1.07 8.90 
  
 
1998.34 1.12 9.04 
  
 
1998.29 1.14 9.09 
  
 
1998.25 1.20 9.30 
  
 
1998.21 1.12 8.76 
  
 
1998.17 1.16 9.19 
  
 
1998.13 1.12 9.06 
  
 
1998.09 1.15 9.03 
  
 
1998.05 1.14 9.36 
  
 
1998.02 1.12 8.89 
  
 
1997.98 1.10 9.24 
  
 
1997.95 1.20 9.45 
  
 
1997.91 1.21 9.56 
  
 
1997.88 1.20 9.16 
  
 
1997.84 1.24 9.27 
  
 
1997.80 1.16 9.27 
  
 
1997.77 1.18 9.45 
  
 
1997.73 1.17 9.13 
  
 
1997.69 1.15 9.04 
  
 
1997.66 1.18 9.16 
  
 
1997.62 1.20 9.16 
  
 
1997.59 1.25 9.16 
  
 
1997.55 1.16 9.00 
  
 
1997.51 1.20 9.41 
  
 
1997.48 1.34 9.46 
  
 
1997.44 1.18 9.16 
  
 
1997.41 1.25 9.39 
  
 
1997.37 1.26 9.28 
  
      PR-OA-003 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
2005.76 8.78 0.96 
  
 
2005.56 8.91 1.02 
  
 
2005.36 8.87 1.04 
  
 
2005.16 9.07 1.15 
  
 
2005.07 9.03 1.14 
  
 
2004.98 9.02 1.13 
  
 
2004.88 8.99 1.09 
  
 
2004.79 8.86 1.03 
  
 
2004.64 8.90 1.03 
  
 
2004.49 8.96 1.02 
  
 
2004.33 8.99 1.13 
  
 
2004.18 9.15 1.17 
  
 
2004.08 9.11 1.15 
  
 
2003.99 9.06 1.13 
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2003.89 8.89 1.10 
  
 
2003.79 8.86 1.04 
  
 
2003.67 8.98 1.05 
  
 
2003.55 9.05 1.09 
  
 
2003.44 9.05 1.09 
  
 
2003.32 9.11 1.12 
  
 
2003.20 9.16 1.22 
  
 
2003.01 9.02 1.11 
  
 
2002.83 8.96 1.02 
  
 
2002.64 8.92 1.02 
  
 
2002.49 8.98 1.03 
  
 
2002.33 9.01 1.10 
  
 
2002.18 9.01 1.15 
  
 
2002.04 8.96 1.09 
  
 
2001.89 9.00 1.09 
  
 
2001.75 8.82 1.03 
  
 
2001.63 8.93 1.05 
  
 
2001.51 9.07 1.09 
  
 
2001.39 9.11 1.16 
  
 
2001.27 9.26 1.19 
  
 
2001.15 9.22 1.25 
  
 
2001.00 9.24 1.21 
  
 
2000.86 8.99 1.12 
  
 
2000.71 8.92 1.09 
  
 
2000.62 9.10 1.12 
  
 
2000.53 9.04 1.07 
  
 
2000.44 9.05 1.09 
  
 
2000.35 9.12 1.16 
  
 
2000.26 9.17 1.15 
  
 
2000.17 9.24 1.18 
  
      PAN-PD-014 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) Branch 
 
 
2010.95 9.00 0.86 R 
 
 
2010.93 9.07 0.91 R 
 
 
2010.73 8.90 0.73 R 
 
 
2010.54 8.85 0.71 R 
 
 
2010.34 8.83 0.70 R 
 
 
2010.20 8.90 0.76 R 
 
 
2010.07 8.94 0.83 R 
 
 
2009.93 8.95 0.81 R 
 
 
2009.85 8.89 0.81 R 
 
 
2009.76 8.87 0.80 R 
 
 
2009.68 8.76 0.75 R 
 
 
2009.60 8.78 0.72 R 
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2009.51 8.86 0.82 R 
 
 
2009.47 8.84 0.77 R 
 
 
2009.43 8.80 0.79 R 
 
 
2009.35 8.84 0.76 R 
 
 
2009.26 9.00 0.84 R 
 
 
2009.09 8.94 0.86 R 
 
 
2008.93 8.98 0.91 R 
 
 
2008.87 8.90 0.84 R 
 
 
2008.82 8.76 0.84 R 
 
 
2008.76 8.75 0.85 R 
 
 
2008.68 8.79 0.87 R 
 
 
2008.60 8.85 0.86 R 
 
 
2008.48 8.79 0.87 R 
 
 
2008.35 8.75 0.83 R 
 
 
2008.14 8.83 0.85 R 
 
 
2007.92 8.93 0.80 R 
 
 
2007.76 8.77 0.72 R 
 
 
2007.69 8.85 0.71 R 
 
 
2007.62 8.81 0.74 R 
 
 
2007.56 8.88 0.76 R 
 
 
2007.49 8.77 0.78 R 
 
 
2007.42 8.80 0.87 R 
 
 
2010.93 9.02 0.83 L 
 
 
2010.64 8.84 0.84 L 
 
 
2010.35 8.79 0.76 L 
 
 
2010.14 8.86 0.76 L 
 
 
2009.93 8.93 0.77 L 
 
 
2009.85 8.90 0.77 L 
 
 
2009.76 8.84 0.76 L 
 
 
2009.68 8.75 0.79 L 
 
 
2009.47 8.91 0.79 L 
 
 
2009.26 8.98 0.79 L 
 
 
2009.14 8.88 0.79 L 
 
 
2009.01 8.86 0.80 L 
 
 
2008.93 8.94 0.83 L 
 
 
2008.70 8.87 0.83 L 
 
 
2008.58 8.82 0.77 L 
 
 
2008.35 8.80 0.85 L 
 
 
2008.23 8.81 0.83 L 
 
 
2008.10 8.88 0.84 L 
 
 
2008.01 8.80 0.84 L 
 
 
2007.93 8.95 0.97 L 
 
 
2007.59 8.77 0.82 L 
 
 
2007.47 8.75 0.78 L 
 
 
2007.34 8.68 0.71 L 
 
 
2007.29 8.75 0.70 L 
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2007.23 8.75 0.73 L 
 
 
2007.18 8.87 0.81 L 
 
 
2007.10 8.82 0.85 L 
 
 
2007.01 8.73 0.84 L 
 
 
2006.93 8.81 0.83 L 
 
 
2006.68 8.71 0.79 L 
 
 
2006.43 8.75 0.87 L 
 
      B.2 Sr/Ca and U/Ca data for all corals to which calibration was applied 
PR-OF-001 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
1997.44 9.36 1.27 
  
 
1997.23 9.31 1.31 
  
 
1996.95 9.43 1.40 
  
 
1996.62 9.36 1.31 
  
 
1996.28 9.13 1.17 
  
 
1996.01 9.20 1.27 
  
 
1995.79 9.27 1.32 
  
 
1995.56 9.26 1.36 
  
 
1995.33 9.24 1.22 
  
 
1995.12 9.20 1.30 
  
 
1994.97 9.47 1.42 
  
 
1994.82 9.18 1.27 
  
 
1994.67 9.31 1.29 
  
 
1994.52 9.40 1.37 
  
 
1994.37 9.38 1.36 
  
 
1994.22 9.35 1.30 
  
 
1994.03 9.38 1.37 
  
 
1993.78 9.31 1.31 
  
 
1993.54 9.29 1.33 
  
 
1993.30 9.23 1.28 
  
 
1993.06 9.05 1.09 
  
 
1992.82 9.25 1.28 
  
 
1992.59 9.34 1.31 
  
 
1992.36 9.35 1.39 
  
 
1992.11 9.39 1.44 
  
 
1991.73 9.23 1.24 
  
 
1991.34 9.38 1.39 
  
 
1990.98 9.00 1.05 
  
 
1990.65 9.21 1.18 
  
 
1990.32 9.26 1.30 
  
 
1990.06 9.24 1.35 
  
 
1989.87 9.20 1.24 
  
 
1989.68 9.10 1.10 
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1989.49 9.11 1.13 
  
 
1989.30 9.20 1.20 
  
 
1989.10 9.36 1.36 
  
 
1988.87 9.05 1.03 
  
 
1988.64 9.08 1.10 
  
 
1988.41 9.25 1.26 
  
 
1988.17 9.23 1.30 
  
 
1987.90 9.18 1.15 
  
 
1987.62 9.15 1.25 
  
 
1987.34 9.34 1.39 
  
 
1987.09 9.15 1.23 
  
 
1986.91 9.04 1.10 
  
 
1986.72 9.15 1.13 
  
 
1986.54 9.25 1.23 
  
 
1986.35 9.15 1.17 
  
 
1986.17 9.08 1.09 
  
 
1985.96 9.15 1.17 
  
 
1985.75 9.19 1.08 
  
 
1985.53 9.35 1.29 
  
 
1985.32 9.33 1.29 
  
 
1985.11 9.23 1.17 
  
 
1984.94 9.35 1.33 
  
 
1984.76 9.34 1.29 
  
 
1984.58 9.34 1.27 
  
 
1984.40 9.39 1.29 
  
 
1984.22 9.17 1.12 
  
 
1984.05 9.11 1.12 
  
 
1983.88 9.07 1.08 
  
 
1983.72 9.16 1.17 
  
 
1983.55 9.32 1.26 
  
 
1983.38 9.15 1.19 
  
 
1983.22 9.24 1.24 
  
 
1983.05 9.40 1.37 
  
 
1982.87 9.22 1.17 
  
 
1982.70 9.25 1.20 
  
 
1982.53 9.30 1.24 
  
 
1982.36 9.40 1.29 
  
 
1982.18 9.42 1.39 
  
 
1981.96 9.33 1.31 
  
 
1981.73 9.28 1.35 
  
 
1981.50 9.11 1.17 
  
 
1981.27 9.29 1.34 
  
 
1981.06 9.34 1.42 
  
 
1980.89 9.12 1.23 
  
 
1980.72 9.15 1.26 
  
 
1980.55 9.37 1.37 
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1980.37 9.39 1.36 
  
 
1980.20 9.39 1.37 
  
 
1979.98 9.32 1.27 
  
 
1979.74 9.60 1.48 
  
 
1979.49 9.51 1.49 
  
 
1979.25 9.35 1.36 
  
 
1978.95 9.46 1.42 
  
 
1978.28 9.32 1.31 
  
 
1978.03 9.31 1.31 
  
 
1977.82 9.34 1.31 
  
 
1977.61 9.20 1.18 
  
 
1977.40 9.23 1.24 
  
 
1977.19 9.11 1.22 
  
 
1976.97 9.45 1.41 
  
 
1976.74 9.35 1.36 
  
 
1976.51 9.31 1.37 
  
 
1976.29 9.48 1.44 
  
 
1976.07 9.16 1.22 
  
 
1975.86 9.28 1.34 
  
 
1975.66 9.18 1.23 
  
 
1975.46 9.28 1.24 
  
 
1975.25 9.32 1.35 
  
 
1975.06 9.42 1.37 
  
 
1974.89 9.22 1.18 
  
 
1974.72 9.23 1.19 
  
 
1974.55 9.27 1.33 
  
 
1974.37 9.37 1.39 
  
 
1974.20 9.40 1.34 
  
 
1974.00 9.45 1.46 
  
 
1973.80 9.36 1.35 
  
 
1973.59 9.21 1.36 
  
 
1973.38 9.54 1.49 
  
 
1973.17 9.30 1.37 
  
 
1972.98 9.34 1.33 
  
 
1972.80 9.29 1.29 
  
 
1972.61 9.31 1.35 
  
 
1972.43 9.30 1.33 
  
 
1972.24 9.17 1.22 
  
 
1971.90 9.42 1.43 
  
 
1971.74 9.27 1.30 
  
 
1971.58 9.19 1.22 
  
 
1971.41 9.15 1.19 
  
 
1971.25 9.32 1.36 
  
 
1971.07 9.40 1.41 
  
 
1970.86 9.52 1.51 
  
 
1970.65 9.35 1.41 
  
	   182	  
 
1970.44 9.27 1.39 
  
 
1970.23 9.27 1.30 
  
 
1970.01 9.22 1.42 
  
 
1969.77 9.37 1.49 
  
 
1969.53 9.24 1.33 
  
 
1969.29 9.14 1.28 
  
 
1969.05 9.15 1.26 
  
 
1968.80 9.37 1.43 
  
 
1968.55 9.32 1.37 
  
 
1968.30 9.49 1.50 
  
 
1968.06 9.10 1.21 
  
 
1967.83 9.17 1.20 
  
 
1967.60 9.28 1.37 
  
 
1967.38 9.27 1.30 
  
 
1966.96 9.29 1.33 
  
 
1966.77 9.51 1.44 
  
 
1966.58 9.44 1.44 
  
 
1966.40 9.39 1.43 
  
 
1966.21 9.26 1.28 
  
 
1965.98 9.22 1.24 
  
 
1965.75 9.36 1.37 
  
 
1965.51 9.27 1.32 
  
 
1965.27 9.14 1.23 
  
 
1965.08 9.17 1.26 
  
 
1964.68 9.38 1.37 
  
 
1964.55 9.30 1.30 
  
 
1964.42 9.13 1.16 
  
 
1964.28 9.21 1.28 
  
 
1964.15 9.33 1.31 
  
 
1963.97 9.19 1.18 
  
 
1963.79 9.19 1.23 
  
 
1963.60 9.26 1.29 
  
 
1963.42 9.24 1.29 
  
 
1963.24 9.02 1.11 
  
 
1963.07 9.32 1.28 
  
 
1962.90 9.42 1.42 
  
 
1962.73 9.14 1.24 
  
 
1962.56 9.09 1.25 
  
 
1962.39 9.18 1.23 
  
 
1962.22 9.19 1.20 
  
 
1962.04 9.21 1.26 
  
 
1961.86 9.33 1.31 
  
 
1961.68 9.35 1.32 
  
 
1961.50 9.17 1.22 
  
 
1961.31 9.09 1.13 
  
 
1961.13 9.06 1.12 
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1960.98 9.32 1.31 
  
 
1960.82 9.22 1.18 
  
 
1960.66 9.26 1.21 
  
 
1960.50 9.29 1.28 
  
 
1960.34 9.12 1.17 
  
 
1960.18 9.34 1.34 
  
 
1960.01 9.28 1.27 
  
 
1959.84 9.39 1.35 
  
 
1959.67 9.23 1.20 
  
 
1959.49 9.21 1.28 
  
 
1959.32 9.18 1.21 
  
 
1959.15 9.11 1.20 
  
 
1958.97 9.33 1.33 
  
 
1958.79 9.25 1.28 
  
 
1958.61 9.19 1.27 
  
 
1958.44 9.23 1.40 
  
 
1958.26 9.22 1.32 
  
 
1958.06 9.36 1.38 
  
 
1957.84 9.42 1.44 
  
 
1957.62 9.27 1.29 
  
 
1957.39 9.21 1.21 
  
 
1957.17 9.38 1.34 
  
 
1957.01 9.21 1.20 
  
 
1956.85 9.28 1.25 
  
 
1956.70 9.28 1.21 
  
 
1956.54 9.18 1.23 
  
 
1956.38 9.21 1.27 
  
 
1956.23 9.19 1.29 
  
 
1956.07 9.18 1.20 
  
 
1955.90 9.25 1.29 
  
 
1955.56 9.29 1.32 
  
 
1955.39 9.19 1.20 
  
 
1955.22 9.28 1.30 
  
 
1955.22 9.24 1.28 
  
 
1955.02 9.37 1.36 
  
 
1954.79 9.38 1.40 
  
 
1954.57 9.29 1.38 
  
 
1954.35 9.21 1.27 
  
 
1954.13 9.19 1.29 
  
 
1953.95 9.31 1.33 
  
 
1953.78 9.18 1.25 
  
 
1953.60 9.39 1.46 
  
 
1953.42 9.16 1.26 
  
 
1953.24 9.06 1.14 
  
 
1953.05 9.21 1.26 
  
 
1952.86 9.19 1.28 
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1952.66 9.18 1.29 
  
 
1952.46 9.11 1.17 
  
 
1952.27 9.28 1.33 
  
 
1952.04 9.38 1.36 
  
 
1951.77 9.56 1.56 
  
 
1951.50 9.10 1.19 
  
 
1951.23 9.20 1.20 
  
 
1951.02 9.23 1.20 
  
 
1950.82 9.26 1.22 
  
 
1950.63 9.37 1.27 
  
 
1950.44 9.31 1.11 
  
 
1950.25 9.23 1.23 
  
 
1950.06 9.35 1.35 
  
 
1949.89 9.38 1.34 
  
 
1949.72 9.56 1.49 
  
 
1949.55 9.32 1.25 
  
 
1949.37 9.23 1.20 
  
 
1949.20 9.27 1.23 
  
 
1949.00 8.97 1.11 
  
 
1948.79 9.31 1.44 
  
 
1948.58 9.34 1.41 
  
 
1948.36 9.21 1.32 
  
 
1948.15 9.25 1.35 
  
 
1947.96 9.19 1.29 
  
 
1947.78 9.28 1.38 
  
 
1947.59 9.22 1.36 
  
 
1947.41 9.20 1.30 
  
 
1947.22 9.35 1.38 
  
 
1947.04 9.39 1.34 
  
 
1946.85 9.13 1.17 
  
 
1946.66 9.13 1.12 
  
 
1946.47 9.07 1.12 
  
 
1946.28 9.30 1.29 
  
 
1946.10 9.10 1.12 
  
 
1945.93 9.44 1.45 
  
 
1945.77 9.27 1.22 
  
 
1945.60 9.05 1.06 
  
 
1945.43 9.10 1.14 
  
 
1945.27 9.22 1.17 
  
 
1945.07 9.40 1.38 
  
 
1944.82 9.41 1.35 
  
 
1944.56 9.26 1.19 
  
 
1944.30 9.10 1.10 
  
 
1944.07 9.43 1.36 
  
 
1943.86 9.28 1.20 
  
 
1943.66 9.41 1.30 
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1943.46 9.31 1.31 
  
 
1943.25 9.26 1.27 
  
 
1943.03 9.37 1.32 
  
 
1942.78 9.36 1.34 
  
 
1942.53 9.55 1.49 
  
 
1942.28 9.10 1.12 
  
 
1942.02 9.18 1.18 
  
 
1941.52 9.23 1.17 
  
 
1941.03 9.34 1.32 
  
 
1940.81 9.40 1.35 
  
 
1940.59 9.23 1.21 
  
 
1940.37 9.20 1.19 
  
 
1940.15 9.25 1.21 
  
 
1939.13 9.15 1.19 
  
 
1938.97 9.14 1.15 
  
 
1938.81 9.17 1.25 
  
 
1938.65 9.23 1.28 
  
 
1938.49 9.38 1.37 
  
 
1938.33 9.29 1.33 
  
 
1938.17 9.03 1.09 
  
 
1937.97 9.16 1.24 
  
 
1937.77 9.28 1.30 
  
 
1937.57 9.29 1.23 
  
 
1937.17 9.36 1.22 
  
 
1936.98 9.29 1.22 
  
 
1936.80 9.48 1.33 
  
 
1936.61 9.35 1.29 
  
 
1936.43 9.49 1.41 
  
 
1936.24 9.43 1.29 
  
 
1936.06 9.27 1.23 
  
 
1935.89 9.31 1.31 
  
 
1935.71 9.17 1.20 
  
 
1935.54 9.21 1.23 
  
 
1935.36 9.24 1.20 
  
 
1935.19 9.40 1.33 
  
 
1935.00 9.23 1.17 
  
 
1934.80 9.28 1.16 
  
 
1934.61 9.48 1.37 
  
 
1934.42 9.22 1.19 
  
 
1934.23 9.37 1.28 
  
 
1934.03 9.51 1.38 
  
 
1933.84 9.37 1.26 
  
 
1933.65 9.29 1.27 
  
 
1933.46 9.60 1.50 
  
 
1933.27 9.33 1.31 
  
 
1933.05 9.25 1.26 
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1932.81 9.20 1.23 
  
 
1932.56 9.37 1.34 
  
 
1932.32 9.34 1.34 
  
 
1932.10 9.32 1.28 
  
 
1931.94 9.45 1.37 
  
 
1931.77 9.36 1.34 
  
 
1931.61 9.08 1.15 
  
 
1931.45 9.04 1.12 
  
 
1931.28 9.18 1.20 
  
 
1931.12 9.23 1.23 
  
 
1930.96 9.29 1.23 
  
 
1930.80 9.15 1.25 
  
 
1930.63 9.13 1.17 
  
 
1930.47 9.28 1.28 
  
 
1930.31 9.34 1.30 
  
 
1930.15 9.43 1.35 
  
 
1930.00 9.30 1.29 
  
 
1929.85 9.23 1.19 
  
 
1929.70 9.26 1.20 
  
 
1929.54 9.16 1.11 
  
 
1929.39 9.26 1.13 
  
 
1929.24 9.21 1.15 
  
 
1929.09 9.31 1.23 
  
 
1928.92 9.14 1.14 
  
 
1928.76 9.05 1.08 
  
 
1928.60 9.00 1.04 
  
 
1928.44 9.23 1.17 
  
 
1928.28 9.34 1.28 
  
 
1928.11 9.22 1.16 
  
 
1927.93 9.23 1.20 
  
 
1927.74 9.18 1.17 
  
 
1927.56 9.26 1.19 
  
 
1927.37 9.27 1.27 
  
 
1927.19 9.21 1.15 
  
 
1927.02 9.17 1.15 
  
 
1926.85 9.05 1.10 
  
 
1926.68 9.04 1.07 
  
 
1926.52 9.35 1.32 
  
 
1926.35 9.07 1.11 
  
 
1926.18 9.18 1.13 
  
 
1926.03 9.22 1.11 
  
 
1925.88 9.02 1.05 
  
 
1925.73 8.99 1.00 
  
 
1925.58 8.99 1.02 
  
 
1925.43 9.09 1.09 
  
 
1925.28 9.30 1.24 
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1925.13 9.31 1.23 
  
 
1924.96 9.24 1.14 
  
 
1924.79 9.12 1.05 
  
 
1924.62 9.15 1.11 
  
 
1924.44 9.33 1.24 
  
 
1924.27 9.37 1.20 
  
 
1924.08 9.34 1.14 
  
 
1923.85 NaN NaN 
  
 
1923.62 NaN NaN 
  
 
1921.83 NaN NaN 
  
 
1921.64 NaN NaN 
  
 
1921.45 NaN NaN 
  
 
1921.26 NaN NaN 
  
 
1921.09 NaN NaN 
  
 
1920.81 9.29 1.26 
  
 
1920.67 9.23 1.17 
  
 
1920.53 8.99 1.11 
  
 
1920.39 9.27 1.21 
  
 
1920.25 9.37 1.27 
  
 
1920.11 9.18 1.14 
  
 
1919.98 9.30 1.29 
  
 
1919.85 9.23 1.25 
  
 
1919.72 9.38 1.33 
  
 
1919.59 9.46 1.35 
  
 
1919.46 9.26 1.20 
  
 
1919.33 9.20 1.14 
  
 
1919.20 9.08 1.11 
  
 
1919.05 9.19 1.18 
  
 
1918.88 9.32 1.31 
  
 
1918.72 9.22 1.24 
  
 
1918.55 9.25 1.19 
  
 
1918.38 9.44 1.37 
  
 
1918.22 9.21 1.24 
  
 
1918.05 9.36 1.37 
  
 
1917.88 9.12 1.20 
  
 
1917.71 9.03 1.11 
  
 
1917.54 9.13 1.16 
  
 
1917.37 9.45 1.41 
  
 
1917.20 9.11 1.13 
  
 
1917.06 9.23 1.20 
  
 
1916.92 9.05 1.07 
  
 
1916.79 9.33 1.35 
  
 
1916.66 9.07 1.13 
  
 
1916.52 9.23 1.23 
  
 
1916.39 9.25 1.25 
  
 
1916.26 9.09 1.12 
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1916.12 9.08 1.14 
  
 
1915.97 9.17 1.18 
  
 
1915.82 9.20 1.23 
  
 
1915.67 9.21 1.23 
  
 
1915.51 9.30 1.31 
  
 
1915.36 9.21 1.19 
  
 
1915.21 9.31 1.29 
  
 
1915.03 9.21 1.22 
  
 
1914.84 9.28 1.24 
  
 
1914.65 9.20 1.22 
  
 
1914.46 9.39 1.32 
  
 
1914.27 9.27 1.22 
  
 
1914.10 9.19 1.21 
  
 
1913.96 9.22 1.15 
  
 
1913.83 9.12 1.10 
  
 
1913.69 9.11 1.09 
  
 
1913.56 9.29 1.29 
  
 
1913.42 9.15 1.08 
  
 
1913.29 9.38 1.36 
  
 
1913.15 9.50 1.43 
  
 
1913.00 9.36 1.31 
  
 
1912.86 9.28 1.27 
  
 
1912.71 9.31 1.24 
  
 
1912.56 9.50 1.35 
  
 
1912.41 9.27 1.11 
  
 
1912.27 9.29 1.12 
  
 
1912.12 9.18 1.11 
  
 
1911.96 9.27 1.13 
  
 
1911.80 9.18 1.08 
  
 
1911.63 9.21 1.12 
  
 
1911.47 9.35 1.18 
  
 
1911.31 9.40 1.25 
  
 
1911.15 9.15 1.19 
  
 
1910.98 9.27 1.24 
  
 
1910.81 9.49 1.38 
  
 
1910.63 9.27 1.21 
  
 
1910.46 9.37 1.29 
  
 
1910.29 9.56 1.49 
  
 
1910.11 9.30 1.26 
  
 
1909.92 9.35 1.27 
  
 
1909.73 9.32 1.27 
  
 
1909.53 9.36 1.32 
  
 
1909.34 9.28 1.30 
  
 
1909.15 9.23 1.21 
  
 
1908.99 9.27 1.27 
  
 
1908.83 9.25 1.23 
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1908.67 9.24 1.23 
  
 
1908.50 9.22 1.17 
  
 
1908.34 9.03 1.11 
  
 
1908.18 9.19 1.20 
  
 
1908.02 9.15 1.11 
  
 
1907.86 9.21 1.15 
  
 
1907.71 9.31 1.20 
  
 
1907.55 9.32 1.18 
  
 
1907.39 9.33 1.21 
  
 
1907.23 9.25 1.19 
  
 
1907.08 9.36 1.27 
  
 
1906.95 9.17 1.16 
  
 
1906.69 9.32 1.28 
  
 
1906.56 9.25 1.23 
  
 
1906.43 9.24 1.23 
  
 
1906.29 9.10 1.13 
  
 
1906.16 9.23 1.27 
  
 
1906.02 9.18 1.13 
  
 
1905.88 9.17 1.16 
  
 
1905.74 9.32 1.26 
  
 
1905.60 9.45 1.39 
  
 
1905.46 9.43 1.28 
  
 
1905.32 9.24 1.15 
  
 
1905.18 9.20 1.15 
  
 
1905.03 9.19 1.21 
  
 
1904.88 9.39 1.28 
  
 
1904.73 9.30 1.30 
  
 
1904.58 9.34 1.29 
  
 
1904.43 9.30 1.24 
  
 
1904.28 9.29 1.23 
  
 
1904.14 9.13 1.11 
  
 
1904.00 9.18 1.17 
  
 
1903.85 9.38 1.25 
  
 
1903.71 9.31 1.22 
  
 
1903.57 9.38 1.25 
  
 
1903.43 9.32 1.21 
  
 
1903.29 9.25 1.20 
  
 
1903.15 9.23 1.19 
  
 
1902.97 9.16 1.18 
  
 
1902.80 9.22 1.21 
  
 
1902.62 9.32 1.27 
  
 
1902.45 9.25 1.23 
  
 
1902.27 9.32 1.28 
  
 
1902.11 9.26 1.25 
  
 
1901.96 9.17 1.18 
  
 
1901.81 9.34 1.27 
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1901.66 9.48 1.35 
  
 
1901.52 9.38 1.26 
  
 
1901.37 9.37 1.31 
  
 
1901.22 9.29 1.18 
  
 
1901.05 9.35 1.30 
  
 
1900.85 9.15 1.22 
  
 
1900.65 9.30 1.29 
  
 
1900.45 9.25 1.25 
  
 
1900.25 9.13 1.18 
  
 
1900.07 9.47 1.45 
  
 
1899.90 9.27 1.27 
  
 
1899.73 9.20 1.17 
  
 
1899.57 9.12 1.20 
  
 
1899.40 9.21 1.20 
  
 
1899.23 9.12 1.11 
  
 
1899.05 9.19 1.21 
  
 
1898.84 9.36 1.29 
  
 
1898.64 9.14 1.15 
  
      PR-OF-001 
     
 
Year Sr-U (3yr bins) 
Sr-U 
uncertainty 
(1σ) 
Reconstructed 
SST (˚C, 3yr 
bins) 1σ 
uncertainty : 
0.6˚C  ERSST (˚C) 
 
1997.5 9.07 0.05 27.2 27.69 
 
1996 9.05 0.08 27.5 27.54 
 
1994.5 9.05 0.05 27.5 27.60 
 
1993 9.08 0.04 27.1 27.46 
 
1991.5 9.09 0.04 27.0 27.43 
 
1990 9.09 0.02 27.0 27.40 
 
1988.5 9.09 0.02 26.9 27.59 
 
1987 9.11 0.03 26.7 27.54 
 
1985.5 9.11 0.02 26.7 27.29 
 
1984 9.11 0.02 26.7 27.47 
 
1982.5 9.12 0.04 26.7 27.69 
 
1981 9.01 0.08 27.9 27.73 
 
1979.5 8.97 0.07 28.3 27.65 
 
1978 9.06 0.05 27.4 27.51 
 
1976.5 9.05 0.05 27.5 27.23 
 
1975 9.10 0.06 26.9 27.13 
 
1973.5 9.10 0.06 26.8 27.35 
 
1972 9.04 0.03 27.5 27.44 
 
1970.5 9.04 0.07 27.6 27.69 
 
1969 9.02 0.06 27.8 27.74 
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1967.5 9.02 0.05 27.8 27.48 
 
1966 8.99 0.05 28.1 27.42 
 
1964.5 9.03 0.04 27.7 27.58 
 
1963 9.03 0.05 27.7 27.69 
 
1961.5 9.05 0.04 27.4 27.72 
 
1960 9.06 0.03 27.4 27.75 
 
1958.5 9.10 0.06 26.9 27.65 
 
1957 9.14 0.05 26.4 27.47 
 
1955.5 9.11 0.05 26.7 27.25 
 
1954 9.03 0.04 27.7 27.39 
 
1952.5 9.03 0.03 27.6 27.55 
 
1951 9.14 0.05 26.4 27.25 
 
1949.5 9.15 0.07 26.3 27.14 
 
1948 9.08 0.05 27.1 27.26 
 
1946.5 9.09 0.03 27.0 27.31 
 
1945 9.11 0.03 26.8 27.46 
 
1943.5 9.11 0.03 26.8 27.52 
 
1942 9.09 0.02 27.0 27.65 
 
1940.5 9.10 0.05 26.9 27.58 
 
1939 9.07 0.04 27.2 27.35 
 
1937.5 9.07 0.07 27.2 27.30 
 
1936 9.14 0.05 26.4 27.26 
 
1934.5 9.11 0.04 26.7 27.21 
 
1933 9.05 0.04 27.4 27.37 
 
1931.5 9.01 0.03 27.9 27.46 
 
1930 9.10 0.03 26.8 27.18 
 
1928.5 9.13 0.02 26.5 27.06 
 
1927 9.11 0.02 26.8 27.20 
 
1925.5 9.13 0.02 26.5 27.09 
 
1924 NaN NaN NaN NaN 
 
1922.5 NaN NaN NaN NaN 
 
1921 NaN NaN NaN NaN 
 
1919.5 9.09 0.03 27.0 26.97 
 
1918 9.07 0.02 27.2 26.92 
 
1916.5 9.06 0.01 27.4 27.04 
 
1915 9.10 0.02 26.9 27.01 
 
1913.5 9.17 0.03 26.1 26.85 
 
1912 9.20 0.03 25.7 26.79 
 
1910.5 9.18 0.04 25.9 26.70 
 
1909 9.12 0.03 26.6 26.86 
 
1907.5 9.12 0.04 26.6 27.03 
 
1906 9.13 0.03 26.5 27.06 
 
1904.5 9.14 0.03 26.4 27.24 
 
1903 9.09 0.03 27.0 27.35 
 
1901.5 9.09 0.04 27.0 27.32 
 
1900 9.09 0.04 27.0 27.22 
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      PR-OF-001 
     
 
Year 
Sr-U (10yr 
bins) 
Sr-U 
uncertainty 
(1σ) 
Reconstructed 
SST (˚C, 
10yr bins) 1σ 
uncertainty : 
0.6˚C  ERSST (˚C) 
 
1994 9.07 0.02 27.2 27.54 
 
1989 9.11 0.02 26.8 27.44 
 
1984 9.10 0.02 26.8 27.58 
 
1979 9.08 0.02 27.1 27.48 
 
1974 9.08 0.03 27.1 27.44 
 
1969 9.04 0.03 27.6 27.54 
 
1964 9.05 0.02 27.4 27.60 
 
1959 9.08 0.02 27.2 27.56 
 
1954 9.09 0.03 27.0 27.38 
 
1949 9.09 0.02 26.9 27.35 
 
1944 9.11 0.02 26.8 27.46 
 
1939 9.10 0.03 26.9 27.40 
 
1934 9.10 0.02 26.9 27.28 
 
1929 9.12 0.01 26.7 27.21 
 
1924 NaN NaN NaN NaN 
 
1919 NaN NaN NaN NaN 
 
1914 9.12 0.02 26.6 26.97 
 
1909 9.16 0.02 26.2 26.91 
 
1904 9.12 0.02 26.7 26.87 
      
      PR-OF-002 
     
 
Year 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) 
  
 
1989.92 9.33 1.27 
  
 
1989.72 9.21 1.26 
  
 
1989.52 9.32 1.25 
  
 
1989.35 9.16 1.19 
  
 
1989.23 9.18 1.23 
  
 
1989.10 9.37 1.33 
  
 
1988.98 9.37 1.32 
  
 
1988.85 9.31 1.30 
  
 
1988.73 9.35 1.26 
  
 
1988.60 9.35 1.32 
  
 
1988.48 9.11 1.11 
  
 
1988.32 9.48 1.38 
  
 
1988.12 9.33 1.32 
  
 
1987.92 9.31 1.34 
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1987.72 9.28 1.30 
  
 
1987.52 9.32 1.28 
  
 
1987.35 9.37 1.27 
  
 
1987.20 9.49 1.31 
  
 
1987.06 9.40 1.33 
  
 
1986.92 9.34 1.33 
  
 
1986.77 9.37 1.34 
  
 
1986.63 9.29 1.26 
  
 
1986.49 9.41 1.38 
  
 
1986.35 9.30 1.30 
  
 
1986.06 9.39 1.31 
  
 
1985.92 9.37 1.31 
  
 
1985.77 9.27 1.25 
  
 
1985.63 9.25 1.30 
  
 
1985.49 9.46 1.37 
  
 
1985.35 9.22 1.16 
  
 
1985.20 9.19 1.21 
  
 
1985.06 9.38 1.26 
  
 
1984.92 9.25 1.22 
  
 
1984.77 9.18 1.24 
  
 
1984.63 9.27 1.29 
  
 
1984.49 9.30 1.36 
  
 
1984.33 9.38 1.38 
  
 
1984.17 9.46 1.40 
  
 
1984.00 9.30 1.35 
  
 
1983.83 9.33 1.30 
  
 
1983.67 9.24 1.25 
  
 
1983.50 9.14 1.08 
  
 
1983.33 9.26 1.33 
  
 
1983.17 9.41 1.34 
  
 
1983.00 9.23 1.25 
  
 
1982.83 9.23 1.24 
  
 
1982.67 9.40 1.35 
  
 
1982.50 9.50 1.46 
  
 
1982.33 9.53 1.50 
  
 
1982.17 9.58 1.45 
  
 
1982.00 9.62 1.52 
  
 
1981.83 9.52 1.50 
  
 
1981.67 9.35 1.38 
  
 
1981.50 9.32 1.34 
  
 
1981.32 9.54 1.54 
  
 
1981.12 9.48 1.51 
  
 
1980.92 9.46 1.47 
  
 
1980.72 9.32 1.34 
  
 
1980.52 9.29 1.40 
  
 
1980.32 9.41 1.44 
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1980.12 9.28 1.33 
  
 
1979.92 9.35 1.38 
  
 
1979.72 9.34 1.31 
  
 
1979.52 9.34 1.37 
  
 
1979.32 9.19 1.28 
  
 
1979.12 9.47 1.53 
  
 
1978.92 9.46 1.46 
  
 
1978.72 9.37 1.36 
  
 
1978.52 9.19 1.31 
  
 
1978.33 9.26 1.32 
  
 
1978.17 9.19 1.32 
  
 
1978.00 9.36 1.40 
  
 
1977.83 9.37 1.42 
  
 
1977.67 9.26 1.23 
  
 
1977.50 9.14 1.29 
  
 
1977.32 9.18 1.42 
  
 
1977.12 9.15 1.33 
  
 
1976.92 9.22 1.32 
  
 
1976.72 9.39 1.36 
  
 
1976.52 9.34 1.42 
  
 
1976.32 9.39 1.44 
  
 
1976.12 9.27 1.36 
  
 
1975.06 9.03 1.10 
  
 
1974.92 9.02 1.08 
  
 
1974.77 9.05 1.08 
  
 
1974.63 9.06 1.14 
  
 
1974.49 9.12 1.25 
  
 
1974.32 9.21 1.23 
  
 
1974.12 9.32 1.26 
  
 
1973.92 9.30 1.28 
  
 
1973.72 9.39 1.29 
  
 
1973.52 9.24 1.26 
  
 
1973.32 9.14 1.18 
  
 
1973.12 9.12 1.18 
  
 
1972.92 9.21 1.20 
  
 
1972.72 9.20 1.21 
  
 
1972.52 9.32 1.34 
  
 
1972.29 9.49 1.51 
  
 
1972.04 9.38 1.41 
  
 
1971.79 9.31 1.35 
  
 
1971.54 9.41 1.46 
  
 
1971.35 9.20 1.33 
  
 
1971.20 9.22 1.31 
  
 
1971.06 9.27 1.28 
  
 
1970.92 9.14 1.20 
  
 
1970.77 9.13 1.17 
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1970.63 9.09 1.15 
  
 
1970.49 9.18 1.29 
  
 
1970.35 9.28 1.28 
  
 
1970.20 9.03 1.15 
  
 
1970.06 9.02 1.10 
  
 
1969.77 9.04 1.10 
  
 
1969.63 8.95 1.11 
  
 
1969.49 8.94 1.15 
  
 
1969.32 9.14 1.17 
  
 
1969.12 9.05 1.10 
  
 
1968.92 9.04 1.13 
  
 
1968.72 9.05 1.15 
  
 
1968.52 9.04 1.25 
  
 
1968.32 9.03 1.18 
  
 
1968.12 9.31 1.32 
  
 
1967.92 9.19 1.22 
  
 
1967.72 9.07 1.14 
  
 
1967.52 9.14 1.26 
  
 
1967.33 9.36 1.32 
  
 
1967.17 9.05 1.16 
  
 
1967.00 9.02 1.15 
  
 
1966.83 8.94 1.07 
  
 
1966.67 9.26 1.29 
  
 
1966.50 9.11 1.20 
  
 
1966.32 9.02 1.11 
  
 
1966.12 9.12 1.21 
  
 
1965.92 9.19 1.27 
  
 
1965.72 9.15 1.34 
  
 
1965.52 9.32 1.38 
  
 
1965.32 9.10 1.19 
  
 
1965.12 9.28 1.30 
  
 
1964.92 9.20 1.28 
  
 
1964.72 9.11 1.20 
  
 
1964.52 8.98 1.17 
  
 
1964.35 8.98 1.10 
  
 
1964.20 9.15 1.22 
  
 
1964.06 9.06 1.14 
  
 
1963.92 9.16 1.22 
  
 
1963.77 9.16 1.23 
  
 
1963.63 9.08 1.17 
  
 
1963.49 9.04 1.17 
  
 
1963.32 9.29 1.32 
  
 
1963.12 9.34 1.36 
  
 
1962.92 9.29 1.32 
  
 
1962.72 9.19 1.30 
  
 
1962.52 9.36 1.37 
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1962.33 9.13 1.25 
  
 
1962.17 9.22 1.25 
  
 
1962.00 9.24 1.23 
  
 
1961.83 9.31 1.16 
  
 
1961.67 9.52 1.29 
  
 
1961.50 9.35 1.21 
  
 
1961.32 9.35 1.23 
  
 
1961.12 9.25 1.12 
  
 
1960.92 9.53 1.29 
  
 
1960.72 9.09 1.16 
  
 
1960.52 9.07 1.16 
  
 
1960.33 9.44 1.42 
  
 
1960.17 9.30 1.32 
  
 
1960.00 9.27 1.32 
  
 
1959.83 9.29 1.29 
  
 
1959.67 9.33 1.32 
  
 
1959.50 9.39 1.38 
  
 
1959.35 9.25 1.29 
  
 
1959.23 9.28 1.31 
  
 
1959.10 9.32 1.31 
  
 
1958.98 9.37 1.34 
  
 
1958.85 9.36 1.32 
  
 
1958.73 9.32 1.29 
  
 
1958.60 9.25 1.28 
  
 
1958.48 9.34 1.40 
  
 
1958.33 9.63 1.47 
  
 
1958.17 9.42 1.28 
  
 
1958.00 9.39 1.27 
  
 
1957.83 9.32 1.20 
  
 
1957.67 9.21 1.18 
  
 
1957.50 9.41 1.31 
  
 
1957.33 9.64 1.45 
  
 
1957.17 9.53 1.36 
  
 
1957.00 9.42 1.25 
  
 
1956.83 9.36 1.19 
  
 
1956.67 9.23 1.19 
  
 
1956.50 9.22 1.19 
  
 
1956.33 9.32 1.31 
  
 
1956.17 9.22 1.21 
  
 
1956.00 9.39 1.28 
  
 
1955.83 9.32 1.18 
  
 
1955.67 9.33 1.24 
  
 
1955.50 9.46 1.32 
  
 
1955.32 9.31 1.25 
  
 
1955.12 9.28 1.21 
  
 
1954.92 9.34 1.25 
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1954.72 9.37 1.26 
  
 
1954.52 9.42 1.30 
  
 
1954.33 9.46 1.38 
  
 
1954.17 9.46 1.38 
  
 
1954.00 9.56 1.43 
  
 
1953.83 9.44 1.35 
  
 
1953.67 9.45 1.35 
  
 
1953.50 9.52 1.44 
  
 
1953.33 9.54 1.42 
  
 
1953.17 9.28 1.30 
  
 
1953.00 9.27 1.25 
  
 
1952.83 9.39 1.28 
  
 
1952.67 9.44 1.29 
  
 
1952.50 9.29 1.24 
  
      PR-OF-002 
     
 
Year Sr-U (3yr bins) 
Sr-U 
uncertainty 
(1σ) 
Reconstructed 
SST (˚C, 3yr 
bins) 1σ 
uncertainty : 
0.6˚C  ERSST (˚C) 
 
1988.5 9.07 0.06 27.2 27.59 
 
1987 9.10 0.06 26.8 27.54 
 
1985.5 9.12 0.05 26.6 27.29 
 
1984 9.12 0.04 26.6 27.47 
 
1982.5 9.11 0.04 26.8 27.69 
 
1981 9.01 0.09 28.0 27.73 
 
1979.5 9.01 0.07 27.9 27.65 
 
1978 9.02 0.10 27.8 27.51 
 
1976.5 9.05 0.10 27.4 27.23 
 
1975 9.06 0.04 27.4 27.13 
 
1973.5 9.06 0.03 27.3 27.35 
 
1972 9.06 0.03 27.4 27.44 
 
1970.5 9.01 0.03 27.9 27.69 
 
1969 9.00 0.03 28.1 27.74 
 
1967.5 8.97 0.03 28.3 27.48 
 
1966 8.97 0.04 28.3 27.42 
 
1964.5 8.98 0.03 28.2 27.58 
 
1963 9.04 0.07 27.5 27.69 
 
1961.5 9.16 0.09 26.2 27.72 
 
1960 9.13 0.07 26.6 27.75 
 
1958.5 9.12 0.08 26.6 27.65 
 
1957 9.17 0.05 26.1 27.47 
 
1955.5 9.17 0.04 26.0 27.25 
 
1954 9.15 0.04 26.3 27.39 
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      PR-OF-002 
     
 
Year 
Sr-U (10yr 
bins) 
Sr-U 
uncertainty 
(1σ) 
Reconstructed 
SST (˚C, 
10yr bins) 1σ 
uncertainty : 
0.6˚C  ERSST (˚C) 
 
1984 9.13 0.03 26.6 27.58 
 
1979 9.05 0.03 27.4 27.48 
 
1974 9.04 0.02 27.6 27.44 
 
1969 9.00 0.02 28.0 27.54 
 
1964 9.02 0.03 27.8 27.60 
 
1959 9.12 0.04 26.6 27.56 
      
      
      
      PAN-PD-017 
     
 
Depth 
(mm) 
Sr/Ca 
(mmol/mol) 
U/Ca 
(μmol/mol) Branch 
 
 
0 9.14 1.08 A 
 
 
1 9.03 1.05 A 
 
 
2 9.10 1.08 A 
 
 
3 9.07 1.06 A 
 
 
4 9.04 1.02 A 
 
 
5 9.02 0.99 A 
 
 
6 8.97 0.94 A 
 
 
7 8.98 0.87 A 
 
 
8 8.93 0.84 A 
 
 
9 8.90 0.84 A 
 
 
10 9.03 0.89 A 
 
 
11 8.97 0.87 A 
 
 
12 8.95 0.75 A 
 
 
13 9.01 0.76 A 
 
 
14 8.94 0.88 A 
 
 
15 8.93 0.79 A 
 
 
16 8.90 0.77 A 
 
 
17 8.84 0.84 A 
 
 
18 8.90 0.80 A 
 
 
19 8.94 0.82 A 
 
 
20 9.01 0.95 A 
 
 
21 8.88 0.88 A 
 
 
22 8.89 0.84 A 
 
 
23 8.92 0.90 A 
 
 
24 8.99 0.80 A 
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25 8.96 0.86 A 
 
 
26 8.99 0.85 A 
 
 
27 8.96 0.81 A 
 
 
28 8.92 0.92 A 
 
 
29 8.97 0.87 A 
 
 
30 8.79 0.82 A 
 
 
31 8.94 0.85 A 
 
 
32 8.85 0.87 A 
 
 
33 9.10 0.92 A 
 
 
34 9.01 0.83 A 
 
 
35 9.08 0.78 A 
 
 
36 9.09 0.96 A 
 
 
37 9.14 1.11 A 
 
 
38 9.00 0.90 A 
 
 
39 9.18 1.12 A 
 
 
40 8.89 0.93 A 
 
 
41 8.96 0.86 A 
 
 
42 8.97 0.89 A 
 
 
43 8.94 0.92 A 
 
 
44 8.96 0.81 A 
 
 
45 8.94 0.86 A 
 
 
46 8.83 0.78 A 
 
 
47 8.83 0.80 A 
 
 
48 8.75 0.77 A 
 
 
49 8.68 0.74 A 
 
 
50 8.83 0.78 A 
 
 
51 8.92 0.81 A 
 
 
52 8.97 0.80 A 
 
 
53 8.98 0.78 A 
 
 
54 9.13 0.87 A 
 
 
55 8.95 0.90 A 
 
 
56 8.89 0.83 A 
 
 
57 8.90 0.85 A 
 
 
58 8.90 0.71 A 
 
 
59 8.88 0.84 A 
 
 
60 8.78 0.93 A 
 
 
61 8.94 0.87 A 
 
 
62 8.83 0.91 A 
 
 
63 8.98 0.88 A 
 
 
64 8.90 0.87 A 
 
 
65 8.81 0.94 A 
 
 
66 8.94 0.79 A 
 
 
67 8.92 0.76 A 
 
 
68 8.93 0.83 A 
 
 
69 9.00 0.97 A 
 
 
1 9.00 0.91 B 
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2 9.00 0.94 B 
 
 
3 9.00 0.88 B 
 
 
4 9.10 0.93 B 
 
 
5 9.01 0.93 B 
 
 
6 8.94 0.91 B 
 
 
7 8.93 0.87 B 
 
 
8 8.98 0.87 B 
 
 
9 8.95 0.87 B 
 
 
10 8.87 0.81 B 
 
 
11 8.94 0.86 B 
 
 
12 8.85 0.78 B 
 
 
13 8.93 0.85 B 
 
 
14 9.05 0.97 B 
 
 
15 8.93 0.91 B 
 
 
16 8.89 0.85 B 
 
 
17 8.88 0.86 B 
 
 
18 8.87 0.83 B 
 
 
19 8.88 0.83 B 
 
 
20 8.94 0.80 B 
 
 
21 8.93 0.84 B 
 
 
22 8.84 0.85 B 
 
 
23 8.86 0.80 B 
 
 
24 8.94 0.84 B 
 
 
25 8.92 0.77 B 
 
 
26 8.86 0.82 B 
 
 
27 8.91 0.83 B 
 
 
28 8.99 0.88 B 
 
 
29 8.88 0.86 B 
 
 
30 8.94 0.93 B 
 
 
31 8.94 0.86 B 
 
 
32 8.84 0.82 B 
 
 
33 8.85 0.86 B 
 
 
34 8.85 0.84 B 
 
 
35 8.97 0.87 B 
 
 
36 9.07 0.90 B 
 
 
37 8.97 0.87 B 
 
 
38 8.85 0.84 B 
 
 
39 8.89 0.82 B 
 
 
40 9.04 0.82 B 
 
 
41 9.06 0.81 B 
 
 
42 8.91 0.77 B 
 
 
43 9.00 0.86 B 
 
 
44 8.89 0.89 B 
 
 
45 8.97 0.92 B 
 
 
46 9.00 0.86 B 
 
 
47 8.98 0.91 B 
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48 9.00 0.88 B 
 
 
49 9.07 0.87 B 
 
 
51 8.85 0.76 B 
 
 
52 8.80 0.87 B 
 
 
53 8.91 0.88 B 
 
 
54 8.76 0.85 B 
 
 
55 8.79 0.90 B 
 
 
56 8.89 0.87 B 
 
 
57 8.93 0.84 B 
 
 
58 8.80 0.86 B 
 
 
59 8.84 0.83 B 
 
 
60 8.89 0.78 B 
 
 
61 8.89 0.85 B 
 
 
62 8.95 0.81 B 
 
 
63 9.05 0.83 B 
 
 
64 8.97 0.88 B 
 
 
65 9.00 0.85 B 
 
 
67 8.98 0.84 B 
 
 
68 8.94 0.94 B 
 
 
69 9.02 1.02 B 
 
 
70 8.93 0.90 B 
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Appendix C  
Supplementary figures, and data for Chapter 4 
 
 
Figure C-1: Sr/Ca values from 8 to 9-year windows published in Kilbourne et al. 
[2010] (red) and separately analyzed in this study (blue). Vertical error bars represent 
one standard deviation of the mean based upon analytical uncertainty and horizontal 
bars represent the time period over which Sr/Ca was averaged. 
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Figure C-2: Scanning Electron Microscope image of representative section of coral E1P 
from the 1450s showing well preserved thecal wall and septa without evidence of 
secondary aragonite or calcite crystals. 
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Figure C-3: Timeseries of SrU-estimated SST anomalies from 1958-1988 from E1P 
(LIA) and PR-OF-001 (20th century) in blue. When a single bin exists from a 
discontinuous section, the estimate is plotted as a single point. SST reconstructed from 
foramineferal Mg/Ca from the Cariaco basin is plotted in orange [Black et al., 2007] and 
a northern hemisphere SAT record reconstructed from tree rings [PAGES 2k 
Consortium, 2013] is plotted in green. Shading on all timeseries indicates a standard 
deviation of uncertainty. ERSST [Smith et al., 2008] is plotted in the 20th century. The 
Kuwae eruption of 1452 [Gao et al., 2008] is indicated by a dashed red line.  
 
References: 
Black, D. E., M. A. Abahazi, R. C. Thunell, A. Kaplan, E. J. Tappa, and L. C. 
Peterson (2007), An 8‐century tropical Atlantic SST record from the Cariaco Basin: 
Baseline variability, twentieth‐century warming, and Atlantic hurricane frequency, 
Paleoceanography, 22(4) 
Gao, C., A. Robock, and C. Ammann (2008), Volcanic forcing of climate over the past 
1500 years: An improved ice core‐based index for climate models, Journal of 
Geophysical Research: Atmospheres, 113(D23) 
Kilbourne, K., T. Quinn, R. Webb, T. Guilderson, J. Nyberg, and A. Winter (2010), 
Coral windows onto seasonal climate variability in the northern Caribbean since 
1479, Geochemistry, Geophysics, Geosystems, 11(10). doi:10.1029/2010GC003171. 
Past Global Changes 2k Consortium (2013), Continental-Scale Temperature Variability 
during the Past Two Millennia, Nature Geoscience, 6(5) 
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Smith, T. M., R. W. Reynolds, T. C. Peterson, and J. Lawrimore (2008), Improvements 
to NOAA's historical merged land-ocean surface temperature analysis (1880-2006), 
Journal of Climate, 21(10), 2283-2296 
 
C.1 Subfossil data 
   
     
 
Year 
Sr/Ca 
(mmol/mol, 
uncertainty 
0.04) 
U/Ca 
(μmol/mol, 
uncertainty 
0.02) 
 
 
1673.43 9.28 1.23 
 
 
1673.28 9.43 1.32 
 
 
1673.13 9.31 1.20 
 
 
1672.98 9.24 1.16 
 
 
1672.83 9.44 1.31 
 
 
1672.67 9.46 1.23 
 
 
1672.52 9.41 1.22 
 
 
1672.37 9.36 1.25 
 
 
1672.07 9.15 1.21 
 
 
1671.95 9.45 1.32 
 
 
1671.86 9.27 1.23 
 
 
1671.76 9.25 1.30 
 
 
1671.66 9.39 1.32 
 
 
1671.57 9.30 1.32 
 
 
1671.47 9.28 1.25 
 
 
1671.36 9.29 1.25 
 
 
1671.25 9.17 1.19 
 
 
1671.14 9.20 1.21 
 
 
1671.02 9.22 1.28 
 
 
1670.90 9.37 1.35 
 
 
1670.78 9.27 1.29 
 
 
1670.28 9.17 1.15 
 
 
1670.16 9.14 1.14 
 
 
1669.91 9.33 1.26 
 
 
1669.78 9.18 1.20 
 
 
1669.66 9.23 1.23 
 
 
1669.53 9.25 1.20 
 
 
1669.40 9.28 1.24 
 
 
1669.27 9.34 1.31 
 
 
1669.14 9.30 1.26 
 
 
1669.02 9.30 1.28 
 
 
1668.90 9.33 1.29 
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1668.78 9.26 1.23 
 
 
1668.66 9.36 1.28 
 
 
1668.55 9.42 1.29 
 
 
1668.43 9.29 1.28 
 
 
1668.31 9.19 1.18 
 
 
1668.20 9.26 1.22 
 
 
1668.08 9.23 1.22 
 
 
1667.96 9.19 1.22 
 
 
1667.84 9.19 1.24 
 
 
1667.72 9.30 1.27 
 
 
1667.59 9.19 1.24 
 
 
1667.47 9.17 1.17 
 
 
1667.35 9.28 1.26 
 
 
1667.23 9.16 1.19 
 
 
1667.11 9.36 1.32 
 
 
1666.98 9.25 1.24 
 
 
1666.86 9.29 1.29 
 
 
1666.75 9.23 1.27 
 
 
1666.63 9.24 1.23 
 
 
1666.51 9.28 1.31 
 
 
1666.39 9.28 1.26 
 
 
1666.27 9.20 1.22 
 
 
1666.15 9.29 1.27 
 
 
1666.03 9.27 1.27 
 
 
1665.93 9.12 1.19 
 
 
1665.83 9.31 1.31 
 
 
1665.73 9.36 1.31 
 
 
1665.63 9.36 1.31 
 
 
1665.53 9.24 1.33 
 
 
1665.43 9.21 1.28 
 
 
1643.42 9.10 1.08 
 
 
1643.24 9.02 1.12 
 
 
1643.07 8.95 1.08 
 
 
1642.89 9.15 1.13 
 
 
1642.71 9.16 1.18 
 
 
1642.51 9.11 1.16 
 
 
1642.31 9.25 1.18 
 
 
1641.97 9.19 1.13 
 
 
1641.84 9.22 1.15 
 
 
1641.71 9.44 1.31 
 
 
1641.59 9.05 1.21 
 
 
1641.46 9.22 1.17 
 
 
1641.33 9.19 1.15 
 
 
1641.21 9.17 1.14 
 
 
1641.08 9.38 1.27 
 
 
1640.96 9.14 1.15 
 
	   207	  
 
1640.85 9.09 1.22 
 
 
1640.74 9.36 1.24 
 
 
1640.63 9.25 1.23 
 
 
1640.52 9.03 1.06 
 
 
1640.38 9.17 1.13 
 
 
1640.25 9.17 1.18 
 
 
1640.14 9.26 1.23 
 
 
1640.03 9.26 1.23 
 
 
1639.92 9.31 1.25 
 
 
1639.81 9.10 1.15 
 
 
1639.70 9.36 1.30 
 
 
1639.59 9.29 1.22 
 
 
1639.48 9.13 1.18 
 
 
1639.37 9.11 1.15 
 
 
1639.26 9.14 1.15 
 
 
1639.15 9.17 1.13 
 
 
1639.04 9.13 1.15 
 
 
1638.94 9.07 1.20 
 
 
1638.85 9.36 1.26 
 
 
1638.76 8.98 1.14 
 
 
1638.67 9.12 1.15 
 
 
1638.58 8.89 1.17 
 
 
1638.49 9.10 1.15 
 
 
1638.40 9.09 1.19 
 
 
1638.31 9.13 1.19 
 
 
1638.22 9.10 1.18 
 
 
1638.03 9.15 1.21 
 
 
1637.93 9.15 1.20 
 
 
1637.83 9.18 1.21 
 
 
1637.72 9.16 1.22 
 
 
1637.61 9.31 1.28 
 
 
1637.51 9.23 1.21 
 
 
1637.40 9.35 1.26 
 
 
1637.29 9.17 1.23 
 
 
1637.19 9.24 1.25 
 
 
1637.08 9.33 1.32 
 
 
1636.97 9.22 1.27 
 
 
1636.84 9.18 1.20 
 
 
1636.71 9.25 1.29 
 
 
1636.59 9.24 1.29 
 
 
1636.46 9.27 1.33 
 
 
1636.33 9.36 1.30 
 
 
1636.21 9.25 1.29 
 
 
1636.08 9.41 1.40 
 
 
1635.96 9.25 1.25 
 
 
1635.86 9.31 1.30 
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1635.76 9.23 1.26 
 
 
1635.66 9.29 1.28 
 
 
1635.56 9.26 1.26 
 
 
1635.46 9.25 1.25 
 
 
1635.36 9.30 1.28 
 
 
1635.26 9.25 1.29 
 
 
1635.16 9.24 1.29 
 
 
1635.06 9.17 1.20 
 
 
1634.97 9.12 1.19 
 
 
1634.88 9.25 1.24 
 
 
1634.79 9.25 1.27 
 
 
1634.71 9.32 1.30 
 
 
1634.62 9.33 1.29 
 
 
1634.53 8.99 1.27 
 
 
1634.45 9.48 1.42 
 
 
1634.36 9.08 1.19 
 
 
1634.27 9.16 1.22 
 
 
1634.18 9.41 1.39 
 
 
1634.10 9.30 1.27 
 
 
1634.01 9.29 1.31 
 
 
1633.92 9.16 1.30 
 
 
1633.81 9.49 1.37 
 
 
1633.71 9.43 1.33 
 
 
1633.52 9.25 1.31 
 
 
1633.42 9.53 1.47 
 
 
1633.33 9.53 1.41 
 
 
1633.24 9.25 1.24 
 
 
1633.05 9.42 1.35 
 
 
1632.95 9.32 1.28 
 
 
1632.85 9.31 1.27 
 
 
1632.75 9.32 1.28 
 
 
1632.65 9.20 1.19 
 
 
1632.56 9.24 1.18 
 
 
1632.46 8.90 1.38 
 
 
1632.36 9.10 1.22 
 
 
1632.26 9.46 1.39 
 
 
1632.16 9.24 1.24 
 
 
1632.06 9.33 1.34 
 
 
1631.97 9.22 1.23 
 
 
1631.89 9.17 1.19 
 
 
1631.81 9.30 1.22 
 
 
1631.73 9.00 1.26 
 
 
1631.65 9.26 1.23 
 
 
1631.57 9.16 1.17 
 
 
1631.49 9.31 1.27 
 
 
1631.41 9.45 1.33 
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1631.33 9.05 1.19 
 
 
1631.25 9.19 1.15 
 
 
1631.17 9.27 1.26 
 
 
1631.09 9.23 1.24 
 
 
1631.01 9.29 1.24 
 
 
1630.92 9.27 1.28 
 
 
1630.82 9.31 1.26 
 
 
1630.72 9.35 1.28 
 
 
1630.63 9.24 1.19 
 
 
1630.53 9.38 1.34 
 
 
1630.43 9.30 1.27 
 
 
1630.34 9.18 1.15 
 
 
1629.48 9.26 1.17 
 
 
1629.34 9.53 1.37 
 
 
1629.21 9.23 1.16 
 
 
1629.07 9.41 1.32 
 
 
1628.93 9.25 1.18 
 
 
1628.79 9.18 1.15 
 
 
1628.66 9.21 1.22 
 
 
1628.52 9.16 1.16 
 
 
1628.38 9.19 1.16 
 
 
1628.24 9.26 1.24 
 
 
1628.10 9.20 1.16 
 
 
1627.97 9.16 1.24 
 
 
1627.86 9.40 1.34 
 
 
1627.74 9.35 1.27 
 
 
1627.62 9.35 1.30 
 
 
1627.51 9.46 1.33 
 
 
1627.39 9.27 1.22 
 
 
1627.28 9.34 1.32 
 
 
1627.16 9.28 1.22 
 
 
1627.04 9.27 1.23 
 
 
1626.92 9.29 1.24 
 
 
1626.81 9.15 1.24 
 
 
1626.71 9.14 1.14 
 
 
1626.60 9.34 1.31 
 
 
1626.50 9.29 1.29 
 
 
1626.40 9.35 1.28 
 
 
1626.29 9.47 1.35 
 
 
1626.19 9.41 1.28 
 
 
1626.09 9.33 1.25 
 
 
1625.99 9.37 1.28 
 
 
1625.89 9.37 1.27 
 
 
1625.79 9.42 1.29 
 
 
1625.70 9.30 1.20 
 
 
1625.60 9.20 1.17 
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1625.50 9.17 1.16 
 
 
1625.40 9.22 1.21 
 
 
1625.28 9.19 1.22 
 
 
1625.16 9.10 1.19 
 
 
1625.06 9.06 1.18 
 
 
1624.97 9.03 1.20 
 
 
1624.88 9.07 1.16 
 
 
1624.79 9.14 1.13 
 
 
1624.70 8.90 1.09 
 
 
1624.61 9.13 1.17 
 
 
1624.52 9.24 1.32 
 
 
1624.43 9.20 1.27 
 
 
1624.34 9.20 1.26 
 
 
1624.25 9.30 1.34 
 
 
1624.16 9.12 1.19 
 
 
1624.07 9.33 1.32 
 
 
1623.98 9.16 1.24 
 
 
1623.88 9.04 1.19 
 
 
1623.78 9.49 1.42 
 
 
1623.68 9.19 1.29 
 
 
1623.59 9.38 1.33 
 
 
1623.49 9.31 1.26 
 
 
1623.39 9.47 1.37 
 
 
1623.29 9.38 1.36 
 
 
1623.20 9.24 1.24 
 
 
1623.10 9.37 1.31 
 
 
1623.00 9.28 1.24 
 
 
1622.91 9.29 1.25 
 
 
1622.82 9.15 1.18 
 
 
1622.73 9.24 1.24 
 
 
1622.64 9.31 1.29 
 
 
1622.55 9.25 1.22 
 
 
1622.45 9.19 1.17 
 
 
1622.36 9.15 1.12 
 
 
1622.27 9.13 1.14 
 
 
1622.18 9.13 1.15 
 
 
1622.09 9.37 1.28 
 
 
1622.00 9.16 1.17 
 
 
1621.89 9.17 1.15 
 
 
1621.78 9.12 1.12 
 
 
1621.67 9.30 1.23 
 
 
1621.56 9.10 1.13 
 
 
1621.44 9.34 1.31 
 
 
1621.33 9.34 1.28 
 
 
1621.22 9.14 1.17 
 
 
1621.11 9.14 1.15 
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1621.00 9.19 1.19 
 
 
1620.90 9.07 1.08 
 
 
1620.79 9.05 1.09 
 
 
1620.69 9.38 1.33 
 
 
1620.59 9.29 1.25 
 
 
1620.49 8.98 1.05 
 
 
1620.38 9.29 1.29 
 
 
1620.28 9.16 1.17 
 
 
1620.18 9.15 1.15 
 
 
1620.08 9.24 1.18 
 
 
1619.97 9.18 1.15 
 
 
1619.86 9.21 1.16 
 
 
1620.03 9.25 1.20 
 
 
1619.92 9.07 1.08 
 
 
1619.81 9.15 1.15 
 
 
1619.70 9.12 1.09 
 
 
1619.59 9.08 1.08 
 
 
1619.49 9.12 1.16 
 
 
1619.38 9.15 1.19 
 
 
1619.27 9.16 1.19 
 
 
1619.16 9.08 1.14 
 
 
1619.05 8.97 1.10 
 
 
1618.95 9.07 1.15 
 
 
1618.85 9.05 1.13 
 
 
1618.75 9.09 1.20 
 
 
1618.65 9.09 1.12 
 
 
1618.56 9.00 1.06 
 
 
1618.46 9.03 1.11 
 
 
1618.36 9.17 1.20 
 
 
1618.26 9.11 1.12 
 
 
1618.16 9.13 1.16 
 
 
1618.06 9.21 1.20 
 
 
1617.96 9.12 1.16 
 
 
1617.85 9.18 1.17 
 
 
1617.74 9.22 1.25 
 
 
1617.63 9.15 1.15 
 
 
1617.52 9.28 1.23 
 
 
1617.41 9.26 1.23 
 
 
1617.30 9.17 1.18 
 
 
1617.19 9.11 1.14 
 
 
1617.08 9.10 1.17 
 
 
1616.97 9.12 1.14 
 
 
1616.86 9.17 1.17 
 
 
1616.76 9.19 1.17 
 
 
1616.65 9.24 1.16 
 
 
1616.54 9.17 1.10 
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1616.43 9.17 1.11 
 
 
1616.32 9.16 1.18 
 
 
1616.22 9.25 1.23 
 
 
1616.11 9.22 1.20 
 
 
1616.00 9.13 1.15 
 
 
1615.93 9.19 1.12 
 
 
1615.93 9.26 1.18 
 
 
1615.85 9.12 1.06 
 
 
1615.72 9.08 1.07 
 
 
1615.65 9.13 1.18 
 
 
1615.57 9.09 1.12 
 
 
1615.49 9.22 1.21 
 
 
1615.41 9.17 1.13 
 
 
1615.33 9.13 1.16 
 
 
1615.22 9.14 1.17 
 
 
1615.11 9.15 1.17 
 
 
1615.04 9.25 1.21 
 
 
1614.96 9.34 1.29 
 
 
1614.88 9.18 1.21 
 
 
1614.80 9.19 1.17 
 
 
1614.72 9.32 1.25 
 
 
1614.64 9.21 1.16 
 
 
1614.56 9.37 1.25 
 
 
1614.48 9.14 1.13 
 
 
1614.40 9.24 1.21 
 
 
1614.32 9.26 1.21 
 
 
1614.23 9.14 1.15 
 
 
1614.14 9.08 1.15 
 
 
1614.05 9.22 1.18 
 
 
1613.96 9.28 1.19 
 
 
1613.87 9.14 1.12 
 
 
1613.78 9.23 1.15 
 
 
1613.69 9.15 1.10 
 
 
1613.60 9.14 1.08 
 
 
1613.52 9.08 1.06 
 
 
1613.43 9.15 1.10 
 
 
1613.34 9.19 1.15 
 
 
1613.25 9.23 1.14 
 
 
1613.16 9.17 1.11 
 
 
1613.10 9.19 1.08 
 
     
     
 
1565.80 9.26 1.08 
 
 
1565.60 8.68 0.94 
 
 
1565.40 9.03 0.99 
 
 
1565.20 8.94 1.09 
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1565.00 9.28 1.26 
 
 
1564.80 9.37 1.31 
 
 
1564.60 9.46 1.43 
 
 
1564.40 9.31 1.36 
 
 
1564.20 9.58 1.40 
 
 
1564.00 9.49 1.35 
 
 
1563.92 9.58 1.39 
 
 
1563.83 9.38 1.26 
 
 
1563.75 9.17 1.14 
 
 
1563.67 9.30 1.24 
 
 
1563.58 9.05 1.06 
 
 
1563.50 8.81 0.98 
 
 
1563.42 9.11 1.08 
 
 
1563.33 9.36 1.30 
 
 
1563.25 9.45 1.37 
 
 
1563.17 9.37 1.30 
 
 
1563.08 9.26 1.24 
 
 
1563.00 9.50 1.34 
 
 
1562.86 9.27 1.20 
 
 
1562.71 9.19 1.12 
 
 
1562.57 9.13 1.14 
 
 
1562.43 9.05 1.10 
 
 
1562.29 9.07 1.15 
 
 
1562.14 8.98 1.23 
 
 
1562.00 9.13 1.15 
 
 
1561.91 9.19 1.14 
 
 
1561.82 9.15 1.23 
 
 
1561.73 9.08 1.11 
 
 
1561.64 9.04 1.09 
 
 
1561.55 9.18 1.10 
 
 
1561.45 9.22 1.13 
 
 
1561.36 8.99 1.06 
 
 
1561.27 9.24 1.15 
 
 
1561.18 9.13 1.21 
 
 
1561.09 9.25 1.25 
 
 
1561.00 9.30 1.15 
 
 
1560.88 9.46 1.21 
 
 
1560.75 9.21 1.14 
 
 
1560.63 9.40 1.26 
 
 
1560.50 9.36 1.21 
 
 
1560.38 9.45 1.22 
 
 
1560.25 9.29 1.18 
 
 
1560.13 9.36 1.18 
 
 
1560.00 8.79 0.97 
 
 
1559.91 9.22 1.23 
 
 
1559.82 9.17 1.14 
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1559.73 9.14 1.11 
 
 
1559.64 9.22 1.23 
 
 
1559.55 9.18 1.19 
 
 
1559.45 9.09 1.16 
 
 
1559.36 9.21 1.26 
 
 
1559.27 9.18 1.18 
 
 
1559.18 9.14 1.11 
 
 
1559.09 9.05 1.07 
 
 
1559.00 9.14 1.10 
 
 
1558.86 9.40 1.20 
 
 
1558.71 9.24 1.15 
 
 
1558.57 9.25 1.12 
 
 
1558.43 9.27 1.06 
 
 
1558.29 9.50 1.22 
 
 
1558.14 9.14 1.09 
 
 
1558.00 9.56 1.48 
 
 
1557.88 8.78 1.05 
 
 
1557.75 9.36 1.27 
 
 
1557.63 9.39 1.26 
 
 
1557.50 9.36 1.23 
 
 
1557.38 9.38 1.18 
 
 
1557.25 9.22 1.20 
 
 
1557.13 9.53 1.31 
 
 
1557.00 9.51 1.35 
 
 
1556.88 9.50 1.37 
 
 
1556.75 9.37 1.38 
 
 
1556.63 9.45 1.31 
 
 
1556.50 8.78 1.20 
 
 
1556.38 9.25 1.24 
 
 
1556.25 9.21 1.22 
 
 
1556.13 9.31 1.28 
 
 
1556.00 9.09 1.08 
 
 
1555.90 9.02 1.09 
 
 
1555.80 9.08 1.12 
 
 
1555.70 9.16 1.08 
 
 
1555.60 9.08 1.13 
 
 
1555.50 9.25 1.15 
 
 
1555.40 9.23 1.10 
 
 
1555.30 9.25 1.21 
 
 
1555.20 9.20 1.09 
 
 
1555.10 8.81 1.08 
 
 
1555.00 9.23 1.21 
 
 
1554.92 8.59 1.06 
 
 
1554.83 9.09 1.09 
 
 
1554.75 9.05 1.24 
 
 
1554.67 9.14 1.30 
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1554.58 9.50 1.36 
 
 
1554.50 9.51 1.29 
 
 
1554.42 9.33 1.28 
 
 
1554.33 9.23 1.22 
 
 
1554.25 9.15 1.17 
 
 
1554.17 9.34 1.29 
 
 
1554.08 9.26 1.22 
 
 
1554.00 9.35 1.32 
 
 
1553.91 9.29 1.27 
 
 
1553.82 9.23 1.17 
 
 
1553.73 9.21 1.19 
 
 
1553.64 9.37 1.26 
 
 
1553.55 9.27 1.14 
 
 
1553.45 9.17 1.24 
 
 
1553.36 8.97 1.07 
 
 
1553.27 9.27 1.33 
 
 
1553.18 9.21 1.08 
 
 
1553.09 9.07 1.12 
 
 
1553.00 9.10 1.11 
 
 
1552.88 9.15 1.20 
 
 
1552.75 9.40 1.34 
 
 
1552.63 9.00 1.08 
 
 
1552.50 9.24 1.23 
 
 
1552.38 9.09 1.17 
 
 
1552.25 9.14 1.07 
 
 
1552.13 9.21 1.10 
 
 
1552.00 9.36 1.16 
 
 
1551.89 9.22 1.16 
 
 
1551.78 9.34 1.20 
 
 
1551.67 9.41 1.09 
 
 
1551.56 9.35 1.06 
 
 
1551.44 9.47 1.19 
 
 
1551.33 9.38 1.17 
 
 
1551.22 9.09 1.07 
 
 
1551.11 9.43 1.14 
 
 
1551.00 9.42 1.18 
 
 
1550.80 9.20 1.13 
 
 
1550.60 9.34 1.13 
 
 
1550.40 9.34 1.16 
 
 
1550.20 9.23 1.15 
 
 
1550.00 9.15 1.16 
 
 
1549.90 9.36 1.22 
 
 
1549.80 9.27 1.17 
 
 
1549.70 9.36 1.19 
 
 
1549.60 9.20 1.15 
 
 
1549.50 9.10 1.12 
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1549.40 9.34 1.11 
 
 
1549.30 9.41 1.21 
 
 
1549.20 8.99 1.05 
 
 
1549.10 8.99 1.08 
 
 
1549.00 8.93 1.10 
 
 
1548.90 9.02 1.02 
 
 
1548.80 8.97 1.05 
 
 
1548.70 9.11 1.09 
 
 
1548.60 9.13 1.11 
 
 
1548.50 9.04 1.11 
 
 
1548.40 9.08 1.07 
 
 
1548.30 9.02 1.06 
 
 
1548.20 9.04 1.08 
 
 
1548.10 9.18 1.11 
 
 
1548.00 9.09 1.10 
 
 
1547.89 9.12 1.06 
 
 
1547.78 9.00 1.03 
 
 
1547.67 9.04 1.10 
 
 
1547.56 9.12 1.15 
 
 
1547.44 9.11 1.13 
 
 
1547.33 9.11 1.11 
 
 
1547.22 9.08 1.05 
 
 
1547.11 9.06 1.14 
 
 
1547.00 9.22 1.20 
 
 
1546.90 9.36 1.18 
 
 
1546.80 9.00 1.07 
 
 
1546.70 9.21 1.13 
 
 
1546.60 9.21 1.18 
 
 
1546.50 9.48 1.23 
 
 
1546.40 9.44 1.27 
 
 
1546.30 9.24 1.17 
 
 
1546.20 9.37 1.17 
 
 
1546.10 9.20 1.15 
 
 
1546.00 9.51 1.32 
 
 
1545.89 9.41 1.29 
 
 
1545.78 9.31 1.22 
 
 
1545.67 9.05 1.21 
 
 
1545.56 9.31 1.25 
 
 
1545.44 9.30 1.23 
 
 
1545.33 9.23 1.23 
 
 
1545.22 9.10 1.15 
 
 
1545.11 9.17 1.18 
 
 
1545.00 9.45 1.31 
 
 
1544.89 9.44 1.26 
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1544.78 9.32 1.20 
 
 
1544.67 9.28 1.15 
 
 
1544.56 9.43 1.26 
 
 
1544.44 9.35 1.22 
 
 
1544.33 9.44 1.20 
 
 
1544.22 9.29 1.12 
 
 
1544.11 9.21 1.09 
 
 
1544.00 9.19 1.16 
 
 
1543.89 9.08 1.02 
 
 
1543.78 9.23 1.15 
 
 
1543.67 9.14 1.09 
 
 
1543.56 9.21 1.13 
 
 
1543.44 9.35 1.20 
 
 
1543.33 9.40 1.22 
 
 
1543.22 9.34 1.23 
 
 
1543.11 9.40 1.33 
 
 
1543.00 9.19 1.19 
 
 
1542.90 9.14 1.14 
 
 
1542.80 9.14 1.10 
 
 
1542.70 9.25 1.14 
 
 
1542.60 9.15 1.13 
 
 
1542.50 9.13 1.16 
 
 
1542.40 9.16 1.15 
 
 
1542.30 9.11 1.07 
 
 
1542.20 9.14 1.08 
 
 
1542.10 9.09 1.10 
 
 
1542.00 9.16 1.14 
 
 
1541.89 9.12 1.12 
 
 
1541.78 9.15 1.17 
 
 
1541.67 9.11 1.11 
 
 
1541.56 9.41 1.19 
 
 
1541.44 9.24 1.16 
 
 
1541.33 9.15 1.08 
 
 
1541.22 9.15 1.09 
 
 
1541.11 9.25 1.15 
 
 
1541.00 9.31 1.22 
 
 
1540.90 9.44 1.23 
 
 
1540.80 9.35 1.26 
 
 
1540.70 9.36 1.21 
 
 
1540.60 9.29 1.17 
 
 
1540.50 9.22 1.05 
 
 
1540.40 9.24 1.14 
 
 
1540.30 9.07 1.07 
 
 
1540.20 9.23 1.17 
 
 
1540.10 9.27 1.20 
 
 
1540.00 9.18 1.11 
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1539.88 9.07 1.07 
 
 
1539.75 9.15 1.05 
 
 
1539.63 9.34 1.21 
 
 
1539.50 9.13 1.11 
 
 
1539.38 9.27 1.22 
 
 
1539.25 9.25 1.13 
 
 
1539.13 9.09 1.13 
 
 
1539.00 9.25 1.14 
 
 
1538.90 9.21 1.14 
 
 
1538.80 9.29 1.16 
 
 
1538.70 9.17 1.20 
 
 
1538.60 9.31 1.29 
 
 
1538.50 9.11 1.16 
 
 
1538.40 9.17 1.13 
 
 
1538.30 9.30 1.18 
 
 
1538.20 9.06 1.09 
 
 
1538.10 9.08 1.09 
 
 
1538.00 9.26 1.15 
 
 
1537.91 9.32 1.11 
 
 
1537.82 9.24 1.09 
 
 
1537.73 9.25 1.12 
 
 
1537.64 9.31 1.12 
 
 
1537.55 9.24 1.12 
 
 
1537.45 9.59 1.29 
 
 
1537.36 9.39 1.12 
 
 
1537.27 9.32 1.11 
 
 
1537.18 9.38 1.18 
 
 
1537.09 9.24 1.10 
 
 
1537.00 9.34 1.17 
 
 
1536.90 9.45 1.25 
 
 
1536.80 9.40 1.17 
 
 
1536.70 9.22 1.08 
 
 
1536.60 9.46 1.28 
 
 
1536.50 9.26 1.17 
 
 
1536.40 9.52 1.27 
 
 
1536.30 9.49 1.27 
 
 
1536.20 9.36 1.24 
 
 
1536.10 9.30 1.23 
 
 
1536.00 9.37 1.17 
 
 
1535.89 9.14 1.17 
 
 
1535.78 9.27 1.18 
 
 
1535.67 9.30 1.15 
 
 
1535.56 9.23 1.16 
 
 
1535.44 9.22 1.10 
 
 
1535.33 9.34 1.15 
 
 
1535.22 9.22 1.09 
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1535.11 9.34 1.18 
 
 
1535.00 9.16 1.08 
 
 
1534.90 9.27 1.10 
 
 
1534.80 9.40 1.21 
 
 
1534.70 9.40 1.19 
 
 
1534.60 9.28 1.14 
 
 
1534.50 9.21 1.16 
 
 
1534.40 9.28 1.17 
 
 
1534.30 9.20 1.11 
 
 
1534.20 9.26 1.12 
 
 
1534.10 9.28 1.19 
 
 
1534.00 9.31 1.23 
 
 
1533.90 9.31 1.15 
 
 
1533.80 9.47 1.28 
 
 
1533.70 9.32 1.20 
 
 
1533.60 9.39 1.27 
 
 
1533.50 9.33 1.18 
 
 
1533.40 9.37 1.16 
 
 
1533.30 9.21 1.11 
 
 
1533.20 9.10 1.05 
 
 
1533.10 9.44 1.31 
 
 
1533.00 9.28 1.18 
 
 
1532.90 9.17 1.10 
 
 
1532.80 9.08 1.13 
 
 
1532.70 9.20 1.15 
 
 
1532.60 9.19 1.13 
 
 
1532.50 9.33 1.19 
 
 
1532.40 9.40 1.23 
 
 
1532.30 8.91 1.10 
 
 
1532.20 9.50 1.23 
 
 
1532.10 9.60 1.40 
 
 
1532.00 9.43 1.25 
 
 
1531.91 9.50 1.22 
 
 
1531.82 9.17 1.10 
 
 
1531.73 9.28 1.12 
 
 
1531.64 9.33 1.15 
 
 
1531.55 9.40 1.17 
 
 
1531.45 9.32 1.18 
 
 
1531.36 9.43 1.23 
 
 
1531.27 9.10 1.10 
 
 
1531.18 9.25 1.04 
 
 
1531.09 9.50 1.22 
 
 
1531.00 9.32 1.15 
 
 
1530.86 9.46 1.20 
 
 
1530.71 9.38 1.17 
 
 
1530.57 9.27 1.10 
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1530.43 9.59 1.27 
 
 
1530.29 9.47 1.32 
 
 
1530.14 9.56 1.26 
 
 
1530.00 8.77 0.95 
 
 
1529.89 9.00 1.06 
 
 
1529.78 9.38 1.19 
 
 
1529.67 9.32 1.13 
 
 
1529.56 9.16 1.04 
 
 
1529.44 9.27 1.11 
 
 
1529.33 9.47 1.21 
 
 
1529.22 9.54 1.28 
 
 
1529.11 9.49 1.25 
 
 
1529.00 9.38 1.20 
 
 
1528.88 9.65 1.32 
 
 
1528.75 9.30 1.17 
 
 
1528.63 9.50 1.28 
 
 
1528.50 9.29 1.13 
 
 
1528.38 9.24 1.09 
 
 
1528.25 9.21 1.10 
 
 
1528.13 9.15 1.08 
 
 
1528.00 9.33 1.19 
 
 
1527.92 9.40 1.21 
 
 
1527.85 9.42 1.29 
 
 
1527.77 9.27 1.11 
 
 
1527.69 9.48 1.26 
 
 
1527.62 9.41 1.25 
 
 
1527.54 9.44 1.26 
 
 
1527.46 9.30 1.16 
 
 
1527.38 9.40 1.25 
 
 
1527.31 9.31 1.20 
 
 
1527.23 9.46 1.26 
 
 
1527.15 9.65 1.43 
 
 
1527.08 9.45 1.30 
 
 
1527.00 9.44 1.29 
 
 
1526.90 9.25 1.20 
 
 
1526.80 9.24 1.18 
 
 
1526.70 9.57 1.36 
 
 
1526.60 9.33 1.15 
 
 
1526.50 9.37 1.17 
 
 
1526.40 9.30 1.12 
 
 
1526.30 9.38 1.11 
 
 
1526.20 9.12 1.01 
 
 
1526.10 9.09 1.07 
 
 
1526.00 9.32 1.18 
 
 
1525.90 9.32 1.17 
 
 
1525.80 9.23 1.14 
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1525.70 9.43 1.28 
 
 
1525.60 9.30 1.14 
 
 
1525.50 9.36 1.18 
 
 
1525.40 9.44 1.23 
 
 
1525.30 9.46 1.27 
 
 
1525.20 9.32 1.13 
 
 
1525.10 9.30 1.15 
 
 
1525.00 9.25 1.13 
 
 
1524.91 9.42 1.20 
 
 
1524.82 9.26 1.12 
 
 
1524.73 9.14 1.08 
 
 
1524.64 9.12 1.08 
 
 
1524.55 9.30 1.15 
 
 
1524.45 9.29 1.20 
 
 
1524.36 9.14 1.10 
 
 
1524.27 9.33 1.19 
 
 
1524.18 9.30 1.18 
 
 
1524.09 9.24 1.18 
 
 
1524.00 9.27 1.23 
 
 
1523.80 9.20 1.13 
 
 
1523.60 9.24 1.15 
 
 
1523.40 9.25 1.16 
 
 
1523.20 9.27 1.25 
 
 
1523.00 9.25 1.18 
 
 
1522.89 9.28 1.21 
 
 
1522.78 9.49 1.22 
 
 
1522.67 9.59 1.32 
 
 
1522.56 9.43 1.27 
 
 
1522.44 9.43 1.19 
 
 
1522.33 9.48 1.28 
 
 
1522.22 9.42 1.21 
 
 
1522.11 9.54 1.27 
 
 
1522.00 9.28 1.15 
 
 
1521.90 9.38 1.16 
 
 
1521.80 9.32 1.16 
 
 
1521.70 9.27 1.13 
 
 
1521.60 9.29 1.14 
 
 
1521.50 9.53 1.27 
 
 
1521.40 9.39 1.11 
 
 
1521.30 9.26 1.12 
 
 
1521.20 8.78 0.95 
 
 
1521.10 9.03 1.11 
 
 
1521.00 8.87 1.03 
 
 
1520.89 8.80 0.99 
 
 
1520.78 8.89 1.04 
 
 
1520.67 8.91 1.06 
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1520.56 9.40 1.19 
 
 
1520.44 9.36 1.12 
 
 
1520.33 9.23 1.14 
 
 
1520.22 9.30 1.20 
 
 
1520.11 9.34 1.25 
 
 
1520.00 9.46 1.33 
 
 
1519.89 9.38 1.24 
 
 
1519.78 9.33 1.15 
 
 
1519.67 9.46 1.25 
 
 
1519.56 9.35 1.18 
 
 
1519.44 9.33 1.14 
 
 
1519.33 9.22 1.12 
 
 
1519.22 9.27 1.13 
 
 
1519.11 9.31 1.15 
 
 
1519.00 9.38 1.20 
 
 
1518.89 9.28 1.13 
 
 
1518.78 9.48 1.27 
 
 
1518.67 9.49 1.24 
 
 
1518.56 9.40 1.19 
 
 
1518.44 9.34 1.17 
 
 
1518.33 9.52 1.27 
 
 
1518.22 9.41 1.19 
 
 
1518.11 9.40 1.22 
 
 
1518.00 9.37 1.20 
 
 
1517.89 9.50 1.30 
 
 
1517.78 9.49 1.23 
 
 
1517.67 9.30 1.21 
 
 
1517.56 9.24 1.22 
 
 
1517.44 9.47 1.27 
 
 
1517.33 9.35 1.22 
 
 
1517.22 9.16 1.11 
 
 
1517.11 9.26 1.17 
 
 
1517.00 9.18 1.10 
 
 
1516.89 9.22 1.17 
 
 
1516.78 9.22 1.14 
 
 
1516.67 9.38 1.22 
 
 
1516.56 9.33 1.23 
 
 
1516.44 9.38 1.26 
 
 
1516.33 9.20 1.19 
 
 
1516.22 9.30 1.23 
 
 
1516.11 9.36 1.21 
 
 
1516.00 9.33 1.16 
 
 
1515.89 9.54 1.32 
 
 
1515.78 9.33 1.18 
 
 
1515.67 9.31 1.18 
 
 
1515.56 9.33 1.17 
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1515.44 9.34 1.22 
 
 
1515.33 9.60 1.34 
 
 
1515.22 9.34 1.21 
 
 
1515.11 9.37 1.26 
 
 
1515.00 9.38 1.23 
 
 
1514.83 9.26 1.19 
 
 
1514.67 9.31 1.22 
 
 
1514.50 9.25 1.18 
 
 
1514.33 9.28 1.18 
 
 
1514.17 9.35 1.25 
 
 
1514.00 9.33 1.26 
 
 
1513.91 9.40 1.34 
 
 
1513.82 9.32 1.23 
 
 
1513.73 9.48 1.35 
 
 
1513.64 9.39 1.31 
 
 
1513.55 9.31 1.29 
 
 
1513.45 9.27 1.23 
 
 
1513.36 9.44 1.30 
 
 
1513.27 9.40 1.31 
 
 
1513.18 9.32 1.20 
 
 
1513.09 9.23 1.18 
 
 
1513.00 9.32 1.23 
 
 
1512.91 9.46 1.31 
 
 
1512.82 9.42 1.25 
 
 
1512.73 9.47 1.27 
 
 
1512.64 9.43 1.26 
 
 
1512.55 9.37 1.23 
 
 
1512.45 9.44 1.28 
 
 
1512.36 9.41 1.27 
 
 
1512.27 9.36 1.23 
 
 
1512.18 9.27 1.18 
 
 
1512.09 9.44 1.29 
 
 
1512.00 9.29 1.21 
 
 
1511.89 9.35 1.23 
 
 
1511.78 9.39 1.28 
 
 
1511.67 9.44 1.27 
 
 
1511.56 9.39 1.25 
 
 
1511.44 9.23 1.23 
 
 
1511.33 9.33 1.21 
 
 
1511.22 9.47 1.28 
 
 
1511.11 9.30 1.22 
 
 
1511.00 9.54 1.34 
 
 
1510.89 9.41 1.25 
 
 
1510.78 9.34 1.23 
 
 
1510.67 9.43 1.24 
 
 
1510.56 9.30 1.20 
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1510.44 9.34 1.18 
 
 
1510.33 9.37 1.22 
 
 
1510.22 9.26 1.15 
 
 
1510.11 9.47 1.28 
 
 
1510.00 9.51 1.30 
 
 
1509.90 9.36 1.26 
 
 
1509.80 9.39 1.31 
 
 
1509.70 9.35 1.22 
 
 
1509.60 9.37 1.29 
 
 
1509.50 9.27 1.20 
 
 
1509.40 9.33 1.21 
 
 
1509.30 9.15 1.15 
 
 
1509.20 9.32 1.18 
 
 
1509.10 9.36 1.25 
 
 
1509.00 9.30 1.24 
 
 
1508.91 9.33 1.23 
 
 
1508.82 9.34 1.22 
 
 
1508.64 9.20 1.18 
 
 
1508.55 9.21 1.15 
 
 
1508.45 9.18 1.22 
 
 
1508.36 9.26 1.17 
 
 
1508.27 9.48 1.37 
 
 
1508.18 9.38 1.26 
 
 
1508.09 9.28 1.18 
 
 
1508.00 9.45 1.29 
 
 
1507.88 9.36 1.30 
 
 
1507.75 9.29 1.23 
 
 
1507.63 9.43 1.29 
 
 
1507.50 9.35 1.20 
 
 
1507.38 9.36 1.17 
 
 
1507.25 9.26 1.17 
 
 
1507.13 9.26 1.10 
 
 
1507.00 9.25 1.16 
 
 
1506.89 9.20 1.14 
 
 
1506.78 9.37 1.24 
 
 
1506.67 9.41 1.21 
 
 
1506.56 9.32 1.22 
 
 
1506.44 9.25 1.14 
 
 
1506.33 9.33 1.25 
 
 
1506.22 9.41 1.28 
 
 
1506.11 9.28 1.12 
 
 
1506.00 9.24 1.24 
 
 
1505.90 9.33 1.28 
 
 
1505.80 9.32 1.18 
 
 
1505.70 9.23 1.21 
 
 
1505.60 9.39 1.23 
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1505.50 9.29 1.20 
 
 
1505.40 9.14 1.14 
 
 
1505.30 9.17 1.14 
 
 
1505.20 9.24 1.17 
 
 
1505.10 9.43 1.31 
 
 
1505.00 9.38 1.24 
 
 
1504.90 9.51 1.37 
 
 
1504.80 9.46 1.38 
 
 
1504.70 9.42 1.31 
 
 
1504.60 9.27 1.23 
 
 
1504.50 9.43 1.24 
 
 
1504.40 9.41 1.26 
 
 
1504.30 9.49 1.29 
 
 
1504.20 9.37 1.22 
 
 
1504.10 9.43 1.20 
 
 
1504.00 9.38 1.19 
 
 
1503.89 9.54 1.30 
 
 
1503.78 9.34 1.23 
 
 
1503.67 9.30 1.22 
 
 
1503.56 9.25 1.19 
 
 
1503.44 9.23 1.17 
 
 
1503.33 9.45 1.26 
 
 
1503.22 9.13 1.12 
 
 
1503.11 9.23 1.17 
 
 
1503.00 9.39 1.25 
 
 
1502.86 9.30 1.19 
 
 
1502.71 9.23 1.12 
 
 
1502.57 9.25 1.16 
 
 
1502.43 9.32 1.19 
 
 
1502.29 9.27 1.15 
 
 
1502.14 9.31 1.18 
 
 
1502.00 9.37 1.24 
 
 
1501.91 9.25 1.29 
 
 
1501.82 9.40 1.24 
 
 
1501.73 9.29 1.22 
 
 
1501.64 9.36 1.21 
 
 
1501.55 9.33 1.26 
 
 
1501.45 9.34 1.20 
 
 
1501.36 9.27 1.14 
 
 
1501.27 9.37 1.20 
 
 
1501.18 9.39 1.24 
 
 
1501.09 9.55 1.28 
 
 
1501.00 9.40 1.25 
 
 
1500.88 9.33 1.17 
 
 
1500.75 9.25 1.20 
 
 
1500.63 9.53 1.32 
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1500.50 9.51 1.30 
 
 
1500.38 9.46 1.26 
 
 
1500.25 9.45 1.22 
 
 
1500.13 9.47 1.19 
 
 
1500.00 9.43 1.26 
 
 
1499.91 9.42 1.25 
 
 
1499.82 9.37 1.20 
 
 
1499.73 9.48 1.29 
 
 
1499.64 9.45 1.27 
 
 
1499.55 9.50 1.29 
 
 
1499.45 9.50 1.28 
 
 
1499.36 9.39 1.22 
 
 
1499.27 9.36 1.22 
 
 
1499.18 9.39 1.27 
 
 
1499.09 9.33 1.23 
 
 
1499.00 9.39 1.28 
 
 
1498.91 9.51 1.25 
 
 
1498.82 9.34 1.24 
 
 
1498.73 9.43 1.31 
 
 
1498.64 9.47 1.31 
 
 
1498.55 9.37 1.23 
 
 
1498.45 9.51 1.26 
 
 
1498.36 9.34 1.23 
 
 
1498.27 9.53 1.28 
 
 
1498.18 9.40 1.22 
 
 
1498.09 9.49 1.27 
 
 
1498.00 9.39 1.25 
 
 
1497.91 9.54 1.34 
 
 
1497.82 9.38 1.22 
 
 
1497.64 9.30 1.22 
 
 
1497.55 9.35 1.24 
 
 
1497.45 9.17 1.16 
 
 
1497.36 9.24 1.19 
 
 
1497.27 9.33 1.21 
 
 
1497.18 9.22 1.14 
 
 
1497.09 9.27 1.15 
 
 
1497.00 9.34 1.25 
 
 
1496.89 9.23 1.18 
 
 
1496.78 9.49 1.33 
 
 
1496.67 9.29 1.18 
 
 
1496.56 9.28 1.22 
 
 
1496.44 9.25 1.14 
 
 
1496.33 9.08 1.11 
 
 
1496.22 9.04 1.10 
 
 
1496.11 9.32 1.25 
 
 
1496.00 9.36 1.38 
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1495.89 9.29 1.26 
 
 
1495.78 9.33 1.29 
 
 
1495.67 9.26 1.22 
 
 
1495.56 9.37 1.29 
 
 
1495.44 9.36 1.27 
 
 
1495.33 9.36 1.29 
 
 
1495.22 9.25 1.20 
 
 
1495.11 9.19 1.21 
 
 
1495.00 9.36 1.31 
 
 
1494.90 9.36 1.32 
 
 
1494.80 9.25 1.26 
 
 
1494.70 9.39 1.27 
 
 
1494.60 9.49 1.39 
 
 
1494.50 9.42 1.31 
 
 
1494.40 9.38 1.29 
 
 
1494.30 9.25 1.23 
 
 
1494.20 9.18 1.17 
 
 
1494.10 9.28 1.24 
 
 
1494.00 9.65 1.52 
 
 
1493.89 9.35 1.30 
 
 
1493.78 9.31 1.30 
 
 
1493.67 9.28 1.23 
 
 
1493.56 9.36 1.40 
 
 
1493.44 9.31 1.28 
 
 
1493.33 9.31 1.23 
 
 
1493.22 9.31 1.25 
 
 
1493.11 9.23 1.18 
 
 
1493.00 9.37 1.29 
 
 
1492.91 9.25 1.20 
 
 
1492.82 9.27 1.27 
 
 
1492.73 9.30 1.29 
 
 
1492.64 9.27 1.18 
 
 
1492.55 9.28 1.24 
 
 
1492.45 9.21 1.19 
 
 
1492.36 9.27 1.23 
 
 
1492.27 9.21 1.24 
 
 
1492.18 9.10 1.11 
 
 
1492.09 9.20 1.23 
 
 
1492.00 9.06 1.21 
 
 
1491.86 9.13 1.20 
 
 
1491.71 9.14 1.24 
 
 
1491.57 8.99 1.11 
 
 
1491.43 9.15 1.17 
 
 
1491.29 9.13 1.14 
 
 
1491.14 9.13 1.17 
 
 
1491.00 9.21 1.28 
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1490.90 9.31 1.35 
 
 
1490.80 9.29 1.32 
 
 
1490.70 9.29 1.31 
 
 
1490.60 9.18 1.22 
 
 
1490.50 9.08 1.15 
 
 
1490.40 9.00 1.16 
 
 
1490.30 9.12 1.15 
 
 
1490.20 9.22 1.18 
 
 
1490.10 9.19 1.16 
 
 
1490.00 9.24 1.19 
 
 
1489.90 9.20 1.16 
 
 
1489.80 9.21 1.18 
 
 
1489.70 9.32 1.27 
 
 
1489.60 9.15 1.14 
 
 
1489.50 9.13 1.21 
 
 
1489.40 9.13 1.14 
 
 
1489.30 9.13 1.13 
 
 
1489.20 9.28 1.17 
 
 
1489.10 9.21 1.16 
 
 
1489.00 9.27 1.16 
 
 
1488.91 9.18 1.14 
 
 
1488.82 9.15 1.22 
 
 
1488.73 9.18 1.21 
 
 
1488.64 9.15 1.15 
 
 
1488.55 9.17 1.15 
 
 
1488.45 9.09 1.08 
 
 
1488.36 9.08 1.12 
 
 
1488.27 9.05 1.11 
 
 
1488.18 9.24 1.22 
 
 
1488.09 9.07 1.16 
 
 
1488.00 9.11 1.13 
 
 
1487.90 9.14 1.21 
 
 
1487.80 9.17 1.19 
 
 
1487.70 9.10 1.11 
 
 
1487.60 8.99 1.09 
 
 
1487.50 9.14 1.14 
 
 
1487.40 9.16 1.11 
 
 
1487.30 9.04 1.11 
 
 
1487.20 9.04 1.09 
 
 
1487.10 9.12 1.13 
 
 
1487.00 9.06 1.12 
 
 
1486.89 9.09 1.17 
 
 
1486.78 9.13 1.19 
 
 
1486.67 9.15 1.21 
 
 
1486.56 9.22 1.18 
 
 
1486.44 9.08 1.17 
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1486.33 9.02 1.15 
 
 
1486.22 9.08 1.17 
 
 
1486.11 9.05 1.12 
 
 
1486.00 9.04 1.09 
 
 
1485.89 9.10 1.12 
 
 
1485.78 9.22 1.19 
 
 
1485.67 9.18 1.21 
 
 
1485.56 9.12 1.16 
 
 
1485.44 9.11 1.12 
 
 
1485.33 8.92 1.02 
 
 
1485.22 9.11 1.13 
 
 
1485.11 9.19 1.19 
 
 
1485.00 9.11 1.14 
 
 
1484.90 9.14 1.15 
 
 
1484.80 9.03 1.06 
 
 
1484.70 9.12 1.10 
 
 
1484.60 9.14 1.12 
 
 
1484.50 9.03 1.05 
 
 
1484.40 9.04 1.06 
 
 
1484.30 8.90 0.98 
 
 
1484.20 9.05 1.10 
 
 
1484.10 9.12 1.12 
 
 
1484.00 9.07 1.11 
 
 
1483.86 9.29 1.14 
 
 
1483.71 9.25 1.16 
 
 
1483.57 9.36 1.18 
 
 
1483.43 9.17 1.10 
 
 
1483.29 8.47 1.08 
 
 
1483.14 9.26 1.16 
 
 
1483.00 9.56 1.34 
 
 
1482.86 9.28 1.20 
 
 
1482.71 9.56 1.34 
 
 
1482.57 9.51 1.29 
 
 
1482.43 9.49 1.28 
 
 
1482.29 9.51 1.24 
 
 
1482.14 9.25 1.06 
 
 
1482.00 9.37 1.18 
 
 
1481.89 9.30 1.11 
 
 
1481.78 9.32 1.07 
 
 
1481.67 9.21 1.18 
 
 
1481.56 9.18 1.15 
 
 
1481.44 9.24 1.30 
 
 
1481.33 9.12 1.13 
 
 
1481.22 8.95 1.01 
 
 
1481.11 9.19 1.22 
 
 
1481.00 9.15 1.17 
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1480.86 9.11 1.11 
 
 
1480.71 9.16 1.18 
 
 
1480.57 9.03 1.14 
 
 
1480.43 9.15 1.19 
 
 
1480.29 9.08 1.21 
 
 
1480.14 9.19 1.20 
 
 
1480.00 9.19 1.19 
 
 
1479.88 9.10 1.13 
 
 
1479.75 9.28 1.29 
 
 
1479.63 9.37 1.11 
 
 
1479.50 9.59 1.34 
 
 
1479.38 9.36 1.17 
 
 
1479.25 9.42 1.24 
 
 
1479.13 9.28 1.18 
 
 
1479.00 9.40 1.21 
 
 
1478.90 9.27 1.19 
 
 
1478.80 9.39 1.19 
 
 
1478.70 9.27 1.20 
 
 
1478.60 9.26 1.16 
 
 
1478.50 9.30 1.16 
 
 
1478.40 9.33 1.22 
 
 
1478.30 9.24 1.17 
 
 
1478.20 9.30 1.18 
 
 
1478.10 9.28 1.23 
 
 
1478.00 9.43 1.29 
 
 
1477.89 9.40 1.24 
 
 
1477.78 9.33 1.17 
 
 
1477.67 9.35 1.23 
 
 
1477.56 9.37 1.24 
 
 
1477.44 9.41 1.29 
 
 
1477.33 9.35 1.27 
 
 
1477.22 9.34 1.28 
 
 
1477.11 9.33 1.26 
 
 
1477.00 9.40 1.23 
 
 
1476.89 9.34 1.24 
 
 
1476.78 9.30 1.20 
 
 
1476.67 9.19 1.11 
 
 
1476.56 9.31 1.21 
 
 
1476.44 9.28 1.25 
 
 
1476.33 9.32 1.23 
 
 
1476.22 9.33 1.25 
 
 
1476.11 9.51 1.29 
 
 
1476.00 9.49 1.34 
 
 
1475.89 9.51 1.32 
 
 
1475.78 9.58 1.27 
 
 
1475.67 9.36 1.21 
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1475.56 9.27 1.24 
 
 
1475.44 9.30 1.27 
 
 
1475.33 9.42 1.30 
 
 
1475.22 9.29 1.23 
 
 
1475.11 9.67 1.34 
 
 
1475.00 9.30 1.27 
 
 
1474.90 9.52 1.40 
 
 
1474.80 9.76 1.42 
 
 
1474.70 9.39 1.27 
 
 
1474.60 9.44 1.32 
 
 
1474.50 9.25 1.23 
 
 
1474.40 9.66 1.38 
 
 
1474.30 9.40 1.34 
 
 
1474.20 9.44 1.30 
 
 
1474.10 9.57 1.40 
 
 
1474.00 9.40 1.30 
 
 
1473.90 9.31 1.20 
 
 
1473.80 9.37 1.16 
 
 
1473.70 9.26 1.16 
 
 
1473.60 9.31 1.12 
 
 
1473.50 9.44 1.25 
 
 
1473.40 9.45 1.31 
 
 
1473.30 9.40 1.21 
 
 
1473.20 9.44 1.20 
 
 
1473.10 9.56 1.35 
 
 
1473.00 9.37 1.22 
 
 
1472.89 9.28 1.17 
 
 
1472.78 9.41 1.20 
 
 
1472.67 9.41 1.29 
 
 
1472.56 9.55 1.29 
 
 
1472.44 9.39 1.18 
 
 
1472.33 9.23 1.11 
 
 
1472.22 9.25 1.15 
 
 
1472.11 9.36 1.13 
 
 
1472.00 9.34 1.09 
 
 
1471.90 9.43 1.22 
 
 
1471.80 9.49 1.29 
 
 
1471.70 9.36 1.23 
 
 
1471.60 9.55 1.36 
 
 
1471.50 9.34 1.14 
 
 
1471.40 9.22 1.13 
 
 
1471.30 9.13 1.14 
 
 
1471.20 9.17 1.14 
 
 
1471.10 9.17 1.08 
 
 
1471.00 9.27 1.11 
 
 
1470.88 9.16 1.10 
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1470.75 9.37 1.21 
 
 
1470.63 9.40 1.16 
 
 
1470.50 9.24 1.10 
 
 
1470.38 9.17 1.09 
 
 
1470.25 9.21 1.08 
 
 
1470.13 9.33 1.13 
 
 
1470.00 9.15 1.13 
 
 
1469.86 9.48 1.12 
 
 
1469.71 9.49 1.08 
 
 
1469.57 9.42 1.12 
 
 
1469.43 9.49 1.13 
 
 
1469.29 9.65 1.24 
 
 
1469.14 9.64 1.20 
 
 
1469.00 9.35 1.27 
 
 
1468.89 9.31 1.21 
 
 
1468.78 9.22 1.18 
 
 
1468.56 9.09 1.05 
 
 
1468.44 9.26 1.15 
 
 
1468.33 9.34 1.20 
 
 
1468.22 9.18 1.18 
 
 
1468.11 9.08 1.13 
 
 
1468.00 9.18 1.20 
 
 
1467.90 9.17 1.27 
 
 
1467.80 9.23 1.24 
 
 
1467.70 9.20 1.14 
 
 
1467.60 9.15 1.13 
 
 
1467.50 9.51 1.26 
 
 
1467.40 9.20 1.15 
 
 
1467.30 9.30 1.18 
 
 
1467.20 9.13 1.10 
 
 
1467.10 9.21 1.13 
 
 
1467.00 9.11 1.10 
 
 
1466.91 9.10 1.14 
 
 
1466.82 9.16 1.09 
 
 
1466.73 9.25 1.19 
 
 
1466.64 9.29 1.13 
 
 
1466.55 9.39 1.22 
 
 
1466.45 9.23 1.12 
 
 
1466.36 9.17 1.06 
 
 
1466.27 9.32 1.20 
 
 
1466.18 9.21 1.06 
 
 
1466.09 9.20 1.13 
 
 
1466.00 9.27 1.12 
 
 
1465.89 9.26 1.14 
 
 
1465.78 9.35 1.20 
 
 
1465.67 9.33 1.18 
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1465.56 9.26 1.18 
 
 
1465.44 9.25 1.17 
 
 
1465.33 9.45 1.29 
 
 
1465.22 9.27 1.14 
 
 
1465.11 9.28 1.13 
 
 
1465.00 9.45 1.29 
 
 
1464.89 9.34 1.23 
 
 
1464.78 9.31 1.22 
 
 
1464.67 9.46 1.26 
 
 
1464.56 9.01 1.08 
 
 
1464.44 9.54 1.27 
 
 
1464.33 9.45 1.28 
 
 
1464.22 9.52 1.30 
 
 
1464.11 9.50 1.31 
 
 
1464.00 9.39 1.18 
 
 
1463.88 9.24 1.11 
 
 
1463.75 9.23 1.13 
 
 
1463.63 9.12 1.10 
 
 
1463.50 9.31 1.19 
 
     
     
 
1456.25 9.48 1.29 
 
 
1456.00 9.54 1.24 
 
 
1455.75 9.45 1.27 
 
 
1455.50 9.23 1.20 
 
 
1455.25 9.31 1.26 
 
 
1455.00 9.41 1.20 
 
 
1454.75 9.37 1.12 
 
 
1454.50 9.26 1.11 
 
 
1454.25 9.27 1.16 
 
 
1454.00 9.25 1.15 
 
 
1453.75 9.28 1.13 
 
 
1453.50 9.20 1.02 
 
 
1453.25 9.44 1.22 
 
 
1453.00 9.49 1.17 
 
 
1452.75 9.85 1.35 
 
 
1452.50 10.09 1.53 
 
 
1452.25 10.08 1.52 
 
 
1452.00 9.91 1.35 
 
 
1451.75 9.70 1.45 
 
 
1451.50 9.49 1.26 
 
 
1451.25 9.46 1.15 
 
 
1451.00 9.28 1.07 
 
 
1450.67 9.45 1.21 
 
 
1450.33 9.52 1.13 
 
 
1450.00 9.37 1.20 
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1449.86 9.31 1.15 
 
 
1449.71 9.17 1.10 
 
 
1449.57 9.23 1.11 
 
 
1449.43 9.20 1.06 
 
 
1449.29 9.12 1.03 
 
 
1449.14 9.29 1.23 
 
 
1449.00 9.36 1.17 
 
 
1448.75 9.27 1.10 
 
 
1448.50 9.18 1.06 
 
 
1448.25 9.22 1.07 
 
 
1448.00 9.13 1.06 
 
 
1447.86 9.24 1.11 
 
 
1447.71 9.20 1.10 
 
 
1447.57 9.17 1.10 
 
 
1447.43 9.43 1.17 
 
 
1447.29 9.36 1.14 
 
 
1447.14 9.23 1.07 
 
 
1447.00 9.16 1.07 
 
 
1446.83 9.13 1.01 
 
 
1446.67 9.16 1.02 
 
 
1446.50 9.25 1.14 
 
 
1446.33 9.19 1.08 
 
 
1446.17 9.20 1.07 
 
 
1446.00 9.33 1.17 
 
 
1445.86 9.16 1.04 
 
 
1445.71 9.22 1.16 
 
 
1445.57 9.24 1.11 
 
 
1445.43 9.33 1.21 
 
 
1445.29 9.30 1.17 
 
 
1445.14 9.25 1.08 
 
 
1445.00 9.40 1.27 
 
 
1444.86 9.50 1.29 
 
     
 
Year 
Sr-U (3yr 
bins) 
Sr-U 
uncertainty 
(1σ) 
 
 
1672 9.16 0.08 
 
 
1670.5 9.10 0.04 
 
 
1669 9.07 0.04 
 
 
1667.5 9.06 0.04 
 
     
 
1641 9.09 0.05 
 
 
1639.5 9.02 0.03 
 
 
1638 9.01 0.04 
 
 
1636.5 9.06 0.02 
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1635 8.98 0.03 
 
 
1633.5 9.03 0.04 
 
 
1632 9.10 0.04 
 
 
1630.5 9.07 0.03 
 
 
1629 9.10 0.04 
 
 
1627.5 9.09 0.06 
 
 
1626 9.02 0.08 
 
 
1624.5 9.01 0.07 
 
 
1623 9.07 0.04 
 
 
1621.5 9.08 0.03 
 
 
1620 9.07 0.04 
 
 
1618.5 9.07 0.04 
 
 
1617 9.11 0.03 
 
 
1615.5 9.11 0.01 
 
     
 
1563 9.07 0.03 
 
 
1561.5 9.10 0.04 
 
 
1560 9.12 0.03 
 
 
1558.5 9.13 0.04 
 
 
1557 9.11 0.06 
 
 
1555.5 9.03 0.05 
 
 
1554 9.05 0.04 
 
 
1552.5 9.20 0.04 
 
 
1551 9.23 0.05 
 
 
1549.5 9.11 0.02 
 
 
1548 9.11 0.02 
 
 
1546.5 9.10 0.03 
 
 
1545 9.16 0.04 
 
 
1543.5 9.16 0.02 
 
 
1542 9.15 0.02 
 
 
1540.5 9.16 0.02 
 
 
1539 9.17 0.02 
 
 
1537.5 9.21 0.03 
 
 
1536 9.23 0.03 
 
 
1534.5 9.21 0.02 
 
 
1533 9.18 0.03 
 
 
1531.5 9.18 0.03 
 
 
1530 9.21 0.03 
 
 
1528.5 9.22 0.02 
 
 
1527 9.23 0.02 
 
 
1525.5 9.21 0.02 
 
 
1524 9.18 0.03 
 
 
1522.5 9.15 0.03 
 
 
1521 9.14 0.03 
 
 
1519.5 9.15 0.03 
 
 
1518 9.19 0.03 
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1516.5 9.15 0.03 
 
 
1515 9.20 0.04 
 
 
1513.5 9.18 0.04 
 
 
1512 9.13 0.04 
 
 
1510.5 9.15 0.04 
 
 
1509 9.16 0.03 
 
 
1507.5 9.20 0.03 
 
 
1506 9.20 0.03 
 
 
1504.5 9.15 0.03 
 
 
1503 9.18 0.04 
 
 
1501.5 9.22 0.05 
 
 
1500 9.23 0.04 
 
 
1498.5 9.14 0.04 
 
 
1497 9.14 0.04 
 
 
1495.5 9.11 0.02 
 
 
1494 9.13 0.03 
 
 
1492.5 9.08 0.04 
 
 
1491 9.07 0.03 
 
 
1489.5 9.10 0.02 
 
 
1488 9.08 0.02 
 
 
1486.5 9.05 0.02 
 
 
1485 9.07 0.02 
 
 
1483.5 9.10 0.05 
 
 
1482 9.10 0.07 
 
 
1480.5 9.15 0.05 
 
 
1479 9.18 0.06 
 
 
1477.5 9.19 0.03 
 
 
1476 9.10 0.06 
 
 
1474.5 9.20 0.05 
 
 
1473 9.27 0.03 
 
 
1471.5 9.22 0.02 
 
 
1470 9.25 0.05 
 
 
1468.5 9.24 0.07 
 
 
1467 9.18 0.03 
 
 
1465.5 9.18 0.02 
 
 
1464 9.16 0.03 
 
     
 
1455.5 9.25 0.09 
 
 
1454 9.25 0.06 
 
 
1452.5 9.32 0.07 
 
 
1451 9.29 0.07 
 
 
1449.5 9.25 0.03 
 
 
1448 9.23 0.02 
 
 
1446.5 9.23 0.01 
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Year 
Sr-U (10yr 
bins) 
Sr-U 
uncertainty 
(1σ) 
Reconstructed 
SST (˚C, 
10yr bins) 
 
1669.5 9.11 0.03 26.8 
     
 
1633.5 9.07 0.02 27.2 
 
1628.5 9.07 0.03 27.2 
 
1623.5 9.06 0.03 27.3 
 
1618.5 9.09 0.01 27.0 
     
 
1557.5 9.09 0.02 27.0 
 
1552.5 9.12 0.02 26.6 
 
1547.5 9.15 0.02 26.3 
 
1542.5 9.15 0.01 26.3 
 
1537.5 9.18 0.01 25.9 
 
1532.5 9.20 0.01 25.7 
 
1527.5 9.20 0.01 25.7 
 
1522.5 9.18 0.02 26.0 
 
1517.5 9.16 0.02 26.2 
 
1512.5 9.17 0.02 26.1 
 
1507.5 9.18 0.02 26.0 
 
1502.5 9.19 0.02 25.8 
 
1497.5 9.19 0.02 25.8 
 
1492.5 9.09 0.01 27.0 
 
1487.5 9.06 0.02 27.4 
 
1482.5 9.09 0.02 27.0 
 
1477.5 9.17 0.02 26.1 
 
1472.5 9.23 0.02 25.4 
 
1467.5 9.21 0.02 25.6 
     
 
1450 9.25 0.02 25.2 
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Appendix D 
 
Supplementary data for Chapter 5 
 
D.1 Gulf of Maine Madrepora 
  
     Collection location: 27˚N, 89˚W, 600m water depth 
 
Depth along track 
(μm) 
Sr/Ca (mmol/mol, 
relative uncertainty 
0.9%) 
U/Ca 
(μmol/mol, 
uncertainty 
4.7%) 
 
 
0 11.69 2.80 
 
 
125 11.26 2.59 
 
 
250 11.35 2.52 
 
 
375 11.02 2.37 
 
 
500 11.22 2.41 
 
 
625 11.59 2.67 
 
 
750 11.52 2.40 
 
 
875 10.90 1.87 
 
 
1000 10.79 1.79 
 
 
1125 10.71 1.78 
 
 
1250 10.82 1.84 
 
 
1375 10.61 1.68 
 
 
1500 10.68 1.72 
 
 
1625 10.90 1.75 
 
 
1750 10.99 1.88 
 
 
1875 11.22 2.09 
 
 
2000 11.15 2.02 
 
 
2125 10.98 2.04 
 
 
2250 11.01 2.00 
 
 
2375 11.04 1.96 
 
 
2500 10.87 1.85 
 
 
2625 10.93 1.71 
 
 
2750 10.80 1.59 
 
 
2875 10.75 1.41 
 
 
3000 10.55 1.40 
 
 
3125 10.48 1.42 
 
 
3250 10.68 1.68 
 
 
3375 11.39 2.45 
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3500 11.59 2.53 
 
 
3625 11.39 2.59 
 
 
3750 11.39 2.53 
 
 
3875 11.36 2.55 
 
 
4000 11.05 1.94 
 
 
4125 10.94 1.85 
 
 
4250 11.07 1.81 
 
 
4375 11.25 2.15 
 
 
4500 11.23 2.15 
 
 
4625 10.79 1.72 
 
 
4750 10.58 1.48 
 
 
4875 10.57 1.24 
 
     
     D.2 Sodwana Bay Porites sp. 
  Collection date: May 1994 
  Collection location: 27.52˚N, 32.68˚E, 16 m water depth 
 
Depth along track 
(mm) Year 
Sr/Ca 
(mmol/mol, 
uncertainty 
0.04) 
U/Ca 
(μmol/mol, 
uncertainty 
0.02) 
 
0.4 1968.13 9.07 1.11 
 
1.2 1968.04 9.14 1.15 
 
2.0 1967.96 9.13 1.15 
 
2.8 1967.88 9.14 1.14 
 
3.6 1967.79 9.24 1.24 
 
4.4 1967.71 9.32 1.27 
 
5.2 1967.63 9.37 1.28 
 
6.8 1967.46 9.17 1.20 
 
7.6 1967.38 9.32 1.30 
 
8.4 1967.29 9.18 1.19 
 
9.2 1967.21 9.11 1.14 
 
10.0 1967.13 9.07 1.11 
 
10.8 1967.04 9.09 1.09 
 
11.6 1966.96 9.17 1.20 
 
12.4 1966.88 9.17 1.23 
 
13.2 1966.79 9.29 1.30 
 
14.0 1966.71 9.38 1.34 
 
14.8 1966.63 9.42 1.34 
 
15.6 1966.54 9.33 1.26 
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16.4 1966.46 9.38 1.31 
 
17.2 1966.38 9.21 1.21 
 
18.0 1966.29 9.14 1.16 
 
18.8 1966.21 9.11 1.13 
 
19.6 1966.13 9.05 1.08 
 
20.4 1966.03 9.11 1.14 
 
21.2 1965.93 9.12 1.17 
 
22.0 1965.83 9.15 1.16 
 
22.8 1965.74 9.29 1.24 
 
23.6 1965.64 9.25 1.21 
 
24.4 1965.54 9.32 1.27 
 
25.2 1965.46 9.25 1.22 
 
26.0 1965.39 9.22 1.19 
 
26.8 1965.31 9.18 1.21 
 
27.6 1965.23 9.15 1.14 
 
28.4 1965.16 9.10 1.11 
 
29.2 1965.05 9.17 1.16 
 
30.0 1964.94 9.14 1.14 
 
30.8 1964.84 9.21 1.20 
 
31.6 1964.73 9.26 1.22 
 
32.4 1964.63 9.43 1.37 
 
33.2 1964.54 9.39 1.38 
 
34.0 1964.46 9.22 1.25 
 
34.8 1964.38 9.18 1.17 
 
35.6 1964.29 9.17 1.15 
 
36.4 1964.21 9.13 1.14 
 
37.2 1964.13 9.08 1.10 
 
38.0 1964.04 9.19 1.18 
 
38.8 1963.96 9.19 1.17 
 
39.6 1963.88 9.18 1.19 
 
40.4 1963.79 
  
 
41.2 1963.71 9.30 1.27 
 
42.0 1963.63 9.36 1.29 
 
42.8 1963.50 9.23 1.21 
 
43.6 1963.38 9.18 1.16 
 
44.4 1963.25 9.12 1.09 
 
45.2 1963.13 9.09 1.08 
 
46.0 1963.06 9.11 1.14 
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46.8 1962.99 9.15 1.15 
 
47.6 1962.92 9.24 1.21 
 
48.4 1962.85 9.34 1.29 
 
49.2 1962.78 9.33 1.28 
 
50.0 1962.71 9.29 1.23 
 
50.8 1962.56 9.39 1.31 
 
51.6 1962.42 9.32 1.27 
 
52.4 1962.27 9.17 1.16 
 
53.2 1962.13 9.12 1.12 
 
54.0 1962.03 9.13 1.13 
 
54.8 1961.93 9.16 1.14 
 
55.6 1961.83 9.20 1.17 
 
56.4 1961.73 9.25 1.22 
 
57.2 1961.63 9.36 1.29 
 
58.0 1961.56 9.24 1.26 
 
58.8 1961.50 9.24 1.22 
 
59.6 1961.44 9.23 1.22 
 
60.4 1961.37 9.23 1.22 
 
61.2 1961.31 9.17 1.17 
 
62.0 1961.25 9.21 1.18 
 
62.8 1961.18 9.08 1.08 
 
63.6 1961.12 9.11 1.10 
     D.3 Green Island (Taiwan) Porites sp. 
 Collection date: June 2013 
  Collection location: 22.39˚N, 121.47˚E 
 
 
Depth along track 
(mm) Year 
Sr/Ca 
(mmol/mol, 
uncertainty 
0.04) 
U/Ca 
(μmol/mol, 
uncertainty 
0.02) 
 
0.5 2013.45 8.88 1.05 
 
1.5 2013.31 8.94 1.02 
 
2.5 2013.18 9.02 1.11 
 
3.5 2013.04 9.13 1.21 
 
4.5 2012.79 8.97 1.09 
 
5.5 2012.54 8.86 1.03 
 
6.5 2012.37 8.88 1.04 
 
7.5 2012.20 8.96 1.10 
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8.4 2012.04 9.04 1.15 
 
9.2 2011.91 8.97 1.17 
 
10.05 2011.78 8.84 1.11 
 
11 2011.63 8.82 1.02 
 
11.8 2011.51 8.84 1.10 
 
12.6 2011.39 8.99 1.14 
 
13.55 2011.24 9.04 1.19 
 
14.35 2011.13 9.05 1.15 
 
15.05 2010.99 9.00 1.11 
 
15.95 2010.81 8.89 1.12 
 
16.85 2010.63 8.86 1.06 
 
17.75 2010.50 8.95 1.13 
 
18.75 2010.37 8.93 1.09 
 
19.6 2010.26 8.97 1.02 
 
20.4 2010.15 8.95 1.07 
 
21.2 2010.04 9.19 1.19 
 
22.05 2009.92 9.15 1.22 
 
22.9 2009.79 9.07 1.17 
 
23.75 2009.67 8.92 1.15 
 
24.65 2009.54 8.85 1.06 
 
25.4 2009.38 8.91 1.07 
 
26.15 2009.23 8.91 1.07 
 
27.05 2009.04 9.07 1.12 
 
27.85 2008.94 8.94 1.09 
 
28.75 2008.84 8.90 1.14 
 
29.7 2008.72 9.05 1.21 
 
30.5 2008.63 8.88 1.10 
 
31.25 2008.54 8.87 1.02 
 
32.05 2008.44 8.97 1.03 
 
33.05 2008.32 9.04 1.11 
 
33.95 2008.22 9.06 1.12 
 
34.75 2008.12 9.09 1.13 
 
35.6 2007.93 8.97 1.15 
 
36.5 2007.74 8.98 1.21 
 
37.4 2007.54 8.73 1.13 
 
38.1 2007.45 8.80 1.08 
 
39 2007.34 8.91 1.12 
 
39.95 2007.23 8.96 1.07 
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40.75 2007.13 8.96 1.09 
 
41.5 2007.04 9.03 1.18 
     
     
     
     
     
     D.4 Bahamas Siderastrea siderea 
 Collection date: 
1991 
   Collection location: 25.84˚N, 78.62˚W 
 
 
Sample Sr/Ca (mmol/mol) 
U/Ca 
(μmol/mol) 
 
 
1 9.154216332 1.117693927 
 
 
2 9.205547825 1.148743433 
 
 
3 8.974165871 1.179192292 
 
 
4 9.223048552 1.138641001 
 
 
5 9.255773307 1.1192798 
 
 
6 9.259417444 1.228289802 
 
 
7 9.270918498 1.170179014 
 
 
8 8.902508255 1.02338386 
 
 
9 8.965663467 0.999904821 
 
 
10 9.227587797 1.160132011 
 
 
11 8.858188193 0.892428618 
 
 
12 8.923879809 0.832196744 
 
 
13 8.731755942 0.821261626 
 
 
14 9.023785775 0.876204835 
 
 
15 8.722064047 0.800947698 
 
 
16 8.774824357 0.716222684 
 
 
17 8.822619699 0.810698151 
 
 
18 8.820295103 0.853056797 
 
 
19 8.630418226 0.624633037 
 
 
20 8.468237515 0.640968801 
 
 
21 8.632261337 0.688131528 
 
 
22 8.693421669 0.632068806 
 
 
23 8.798851425 0.737635492 
 
 
24 8.965317977 0.807523585 
 
 
25 8.963815053 0.806416372 
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26 8.484204445 0.646814142 
 
 
27 8.807385257 0.779286352 
 
 
28 8.532183805 0.66028954 
 
 
29 8.805844833 0.667734175 
 
 
30 8.54229156 0.577583203 
 
 
31 8.583764939 0.576445698 
 
 
32 8.517566145 0.539823847 
 
 
33 8.577288181 0.664694445 
 
 
34 8.586028293 1.872856447 
 
 
35 8.230124954 0.461612812 
 
 
36 8.450707916 0.560921625 
 
 
37 8.296833585 0.400147742 
 
 
38 8.38434886 0.490282639 
 
 
39 8.184005141 0.435606985 
 
 
40 8.268138119 0.506515965 
 
 
41 8.53012901 0.69856866 
 
 
42 8.679908614 0.988710282 
 
 
43 9.033074432 1.477683266 
 
 
44 8.389000091 0.653476036 
 
 
45 8.482690889 0.560531257 
 
 
46 8.513956291 1.761924174 
 
 
47 8.770168332 0.910661581 
 
 
48 8.440504202 0.557046313 
 
 
49 8.507689477 0.733476186 
 
 
50 8.706976426 0.646244709 
 
 
51 8.621817567 0.743732753 
 
 
52 9.028636022 1.256769387 
 
 
53 8.817055563 0.768805749 
 
 
54 8.507175589 0.719871933 
 
 
55 8.981521362 1.111029512 
 
 
56 9.015600217 1.327753172 
 
 
57 8.947593999 1.054256117 
 
 
58 9.233056925 2.826680968 
 
 
59 8.620239896 0.928099527 
 
 
60 8.670229819 0.761216166 
 
 
61 8.959089718 0.902988433 
 
 
62 8.653578871 0.999658211 
 
 
63 9.214371873 1.589311538 
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64 9.178927154 1.340592033 
  
 
